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REMARKS 

No claims are being amended, added or cancelled. Claims 1-2, 4-11, 14- 
19, 21-22 and 27-28 are pending in this application. 

Electrochemical cell or fuel cell background 

A fuel cell catalytically converts the chemical energy of a supplied fuel and 
a supplied oxidizer into electrical energy. As discussed in Applicants' paragraph 2 one 
common type of fuel cell is a proton exchange membrane (PEM) fuel cell The PEM 
fuel cell contains a membrane electrode assembly (MEA) provided between two flow 
field or bipolar plates. Gaskets are used between the bipolar plates and the MEA to 
provide seals thereat. Fuel cells include catalysts to facilitate the conversion of 
chemical energy into electrical energy. Since an individual PEM fuel cell typically 
provides relatively low voltage or power, multiple PEM fuel cells are stacked to increase 
the overall electrical output of the resulting fuel cell assembly. Sealing is also required 
between the individual PEM fuel cells in the stack. 

Fuel cell performance and life can be degraded by a variety of 
contaminants. Some contaminants can substantially degrade fuel cell performance at 
part per billion impurity levels. 1 Fuel cell contaminants can come from the fuel or 
oxidant supply; from corrosion products of metal fuel cell components; and from the 
non-metallic gaskets and materials used between fuel cell components to seal the cells. 
Contamination and subsequent fuel cell degradation has been a problem for many 
years and continues to be a problem at the present time. 2 There are ongoing studies to 
find and eliminate sources of fuel cell contamination. 3 



1 Garzon, F.H. et al; The impact of impurities on long term PEMFC performance; 
presentation preprint for 216 th ECS Meeting, Vienna Austria, (October 2009). 

2 The attached exhibits all discuss fuel cell contamination and span the time frame from 
2001 to 2009. Cheng, X. et al; A review of PEM hydrogen fuel cell contamination, . . .; 
Journal of Power Sources; 165, 2, 739-756, (March 2007) states that over 150 articles 
on the subject of fuel cell contamination were reviewed. 

3 Molter, Trent M.; The effects of impurities on fuel cell performance and durability] (May 
2007). Effects of fuel and air impurities on PEM fuel cell performance] 2008 DOE 
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Some known contaminants include silicon 4 , inorganic and metallic 
cations 5 ' 67 ' 8 ' 9 sulfur 10 , ammonia 11 and amines 12 ' 13 ' 14 . Fuel cell gaskets 15 and seals 16 
have been found to be a source of fuel cell contaminants. 

Fuel cells remain expensive to buy and replace and have too short a 
working life to be practical for widespread energy generation. Contamination of fuel 
cells shortens their life and requires premature replacement or repair of the cells, 
thereby raising the cost of using the cells. Thus, any steps to control fuel cell 
contamination and extend fuel cell life are very desirable and the goal of ongoing 
research. 



Hydrogen Program Review; presented by Fernando Garzon, Los Alamos National 
Laboratory, (June 2008). 

4 Schulze, M. et al; Degradation of Sealings for PEFC test cells . . .; Journal of Power 
Sources; 127, 222-229 (2004). 

5 St-Pierre, Jean, et al.; Successful Demonstration of Ballard PEMFCS . . .; Journal of 
New Materials for Electrochemical Systems; 5, 263-271 (2002). 

6 Kelly, M.J. et al; Conductivity of polymer electrolyte membranes . . .; Solid State Ionics; 
176, 25-28, 2111-2114 (August 2005). 

7 Cheng, X. et al; A review ofPEM hydrogen fuel cell contamination, . . .; Journal of 
Power Sources; 165, 2, 739-756, (March 2007). 

8 Molter, Trent M.; The effects of impurities on fuel cell performance and durability, (May 
2007). 

9 Wu, J. et al; A review of PEM fuel cell durability: . . .; Journal of Power Sources; 184, 
105-119, 107, (June 2008). 

10 Molter, Trent M.; The effects of impurities on fuel cell performance and durability, (May 
2007). 

11 Zhang, X. et al; Contamination of membrane-electrode assemblies by ammonia . . .; 
presentation preprint for 216 th ECS Meeting, Vienna Austria, (October 2009). 

12 Privette, R.M. et al; 2.5 MWPEM fuel cell system for Navy ship service power, paper 
presented at the 1999 Review Conference on Fuel Cell Technology (1999). 

13 Hoffman, Donald; Marine Fuel Cells; Marine Vessel and Air Quality Conference; 
February (2001). 

14 WO 02/084099; Filter Assemblies and Systems for Intake Air for Fuel Cells; pp. 25, 
lines 6-9, (October 2002). 

15 Cleghorn, S.J.C. et al; A polymer electrolyte fuel cell life test . . .; Journal of Power 
Sources; 158, 446-454, 453 (2006). 
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1. Applicant's response to the rejection of claims 1-2, 4-11, 17, 21-22 and 27-28 
under 35 U.S.C. §1 03(a). 

Claims 1-2, 4-11, 17, 21-22 and 27-28 were rejected under 35 U.S.C. 
§1 03(a) as allegedly being unpatentable over U.S. Patent No. 6,080,503 to Schmid et 
aL in view of U.S. Patent Publication No. 2003/0199652 to Deviny et al for the reasons 
given in Point 3. 

a) The rejection is improper as it lacks the predictability and reasonable 
expectation of success required for a prima facie obviousness rejection. 

In discussing predictability, the courts have recognized the general 
unpredictability of the chemical arts. "In the field of chemistry generally, there may be 
times when the well-known unpredictability of chemical reactions will alone be enough 
to create reasonable doubt as to the accuracy of a particularly broad statement put 
forward as enabling support for a claim. In re Marzocchi , 169 USPQ 367, 368-370 
(CCPA 1971). The principle applies most often to the less predictable fields, such as 
chemistry, where minor changes in a product or process may yield substantially 
different results. In re Soni . 54 F.3d 746, 750 (Fed. Cir. 1995). 

"To the extent an art is unpredictable, as the chemical arts often are, 
KSR's focus on these "identified, predictable solutions" may present a difficult hurdle 
because potential solutions are less likely to be genuinely predictable," Eisai Co. v. Dr. 
Reddv's Labs. , Ltd, 533 F.3d 1353 (Fed. Cir. 2008). The prior art can be modified or 
combined to reject claims as prima facie obvious as long as there is a reasonable 
expectation of success. MPEP §2143.02. Predictability of results in combining 
references to arrive at a solution, and therefore a reasonable expectation of success in 
achieving those results, is one important requirement for a prima facie obviousness 
rejection. This requirement is mandated by both the Courts and by the Patent Office. 



16 Schulze, M. et at; Degradation ofSealings forPEFC test cells . . Journal of Power 
Sources; 127, 222-229 (2004). 
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At the time of Applicants' invention contamination of fuei cells was a 
known problem. At the time of Applicants' invention some known fuel cell contaminants 
included metal cations and ammonium compounds. Multiple references teach that 
amines are known or suspected fuel cell contaminants. See Privette, R.M. et al; 2.5 
MW PEM fuel cell system for Navy ship service power, Hoffman, Donald; Marine Fuel 
Cells; and WO 02/084099; Filter Assemblies and Systems for Intake Air for Fuel Cells, 
pp. 25, lines 6-9, However, as discussed above there are continuing long term studies 
by Universities and U.S. Government laboratories to research the effects of 
contaminants in fuel cells, identify fuel cell contaminants and find the sources of those 
contaminants. Thus, at the time of Applicants 7 invention the existence of the fuel cell 
contamination problem was known and some contaminants, such as amines, and some 
contamination sources, such as seals, were identified; but a complete understanding of 
the identity and sources of fuel cell contamination was not known. 

Deviny teaches the use of complexed initiator systems including a 
complexed initiator component and a carboxylic acid decomplexer. (abstract) The 
"initiator component" typically comprises an organoborane amine complex and an 
optional diluent. When mixed with the pofymerizable composition, the decomplexer in 
the polymerizable composition liberates the initiator (e.g., organoborane) from the 
complexer (e.g., amine), enabling polymerization of the monomer to be initiated. (0041) 
The decomplexer is "capable of" forming an ionic bond with the amine cation of the 
organoborane amine complex during liberation. (0047) There is no teaching or 
suggestion that all of the liberated amine cations are ionically bonded to the complexer 
There is no teaching or suggestion that the weak ionic bond between the decomplexer 
and amine cation is permanent in the wet environment of a fuel cell (the waste products 
of a fuel cell are water) or that the weakly ionically bonded amine complex will not 
poison a fuel cell catalyst or contaminate a fuel cell. 

A skilled person at the time of Applicants invention would know that fuel 
cells are expensive and would strive to maximize the life of a fuel cell. This would 
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include avoiding use of materials, such as amines, known or suspected to contaminate 
fuel cells and shorten their life. Fuel cell seals were also a known source of fuel cell 
contaminants. A skilled person at the time of Applicants' invention would have no 
expectation of success in maximizing fuel cell life by using amines, including the 
liberated amine cations and amine salts of the Deviny boron initiators, as a component 
of the fuel cell seal Claims 1-2, 4-11, 17, 21-22 and 27-28 are not obvious and are 
patentable for at least this reason. 

b) There is no motivation to modify the references as proposed in the 
rejection. 

Thus, in cases involving new chemical compounds, it remains necessary 
to identify some reason that would have led a chemist to modify a known compound in a 
particular manner to establish prima facie obviousness of a new claimed compound. 
Takeda Chem. Indus, v. Alphapharm Pty., Ltd. , 492 F,3d 1350, 1356 (Fed. Cir. 2007). 
"In the same way, when the prior art teaches away from the claimed solution as 
presented here . . obviousness cannot be proved merely by showing that a known 
composition could have been modified by routine experimentation or solely on the 
expectation of success; it must be shown that those of ordinary skill in the art would 
have had some apparent reason to modify the known composition in a way that would 
result in the claimed composition.' 1 Ex parte Whalen 11 . pp. 16, appeal 2007-4423 (BPAI 
2008). "The [KSR] Court did not, however, discard the TSM test completely; it noted 
that its precedents show the invention 'composed of several elements is not proved 
obvious merely by demonstrating that each of its elements was, independently, known 
in the prior art/" Ex parte Whalen II , pp. 15, appeal 2007-4423 (BPAI 2008) 

As discussed above at the time of Applicants' invention the existence of 
the fuel cell contamination problem was known and some contaminants (such as metal 
cations, ammonium compounds and amines) and some contamination sources (such as 
seals) were identified; but a complete understanding of the identity and sources of fuel 
cell contamination was not known. 
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As discussed above Deviny teaches the use of complexed amine- 
organoborane initiator systems wherein the organoborane portion of the complex must 
be liberated from the amine portion of the complex to allow the freed organoborane to 
initiate polymerization. 

A skilled person at the time of Applicants invention would know that fuel 
cells are expensive and would strive to maximize the life of a fuel cell. This would 
include avoiding use of materials, such as amines, known or suspected to contaminate 
fuel cells and shorten their life. Fuel cell seals were also a known source of fuel cell 
contaminants. A skilled person at the time of Applicants' invention would have no 
motivation to use materials that are known fuel cell contaminants (liberated amine 
cations and weakly bonded amine complexes) in a fuel cell location known to be a 
source of contamination (seals). Claims 1-2, 4-1 1,17, 21-22 and 27-28 are not obvious 
and are patentable for at least this reason. 

c) The art teaches away from the proposed combination. 

A "reference will teach away if it suggests that the line of development 
flowing from the reference's disclosure is unlikely to be productive of the result sought 
by the Applicant." Winner v. Wang , 202 F.3d 1340 (Fed Cir. 2000) citing Gurley at 553. 
"One important indicium of nonobviousness is 'teaching away 3 from the claimed 
invention by the prior art." In re Braat , 16 USPQ2d 1813, 1814 (Fed. Cir. 1990). We 
have noted ... as a useful general rule that references that teach away cannot serve to 
create a prima facie case of obviousness. McGinlev v. Franklin Sports, Inc. , 262 F.3d 
1339 (Fed. Cir. 2001). A prima facie case of obviousness can be rebutted if the 
applicant ... can show that the art taught away from the claimed invention in any 
material respect. In re Haruna , 249 F.3d 1327 (Fed. Cir 2001). A reference that 
teaches away from a claimed invention does not provide the suggestion or motivation 
needed to anticipate or make obvious a claimed invention. In fact, the courts have 
stated that a reference that teaches away from a claimed invention is an indication of 
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the nonobviousness of that invention. 

The rejection proposes using the Deviny organoborane complexes as a 
reaction initiator. As discussed above Deviny teaches the use of complexed amine- 
organoborane initiator systems wherein the organoborane portion of the complex must 
be liberated from the amine portion of the complex to allow the freed organoborane to 
initiate polymerization. 

At the time of Applicants' invention fuel cells are expensive and 
maximizing fuel cell life is, and continues to be, a desirable objective. The art generally 
teaches that fuel cell contaminants undesirably shorten fuel cell life and should be 
avoided in fuel cell use. Multiple references teach that amines are actual or suspected 
fuel cell contaminants that can shorten fuel cell life. The art teaches against use of 
materials that are known fuel cell contaminants (liberated amine cations and weakly 
bonded amine complexes) in a fuel cell location known to be a source of contamination 
(seals). Claims 1-2, 4-11, 17, 21-22 and 27-28 are not obvious and are patentable for 
at least this reason. 



2. Applicant's response to the rejection of claims 14-16 under 35 U.S.C. §103(a). 

Claims 14-16 were rejected under 35 U.S.C. §103(a) as allegedly being 
unpatentable over Schmid et al. in view of Deviny et al. as applied to claims 1-2, 4-11, 
17, 21-22 and 27-28 and in further view of European Patent No. 1201722 to Kneafsey 
et al for the reasons given in point 4. Schmid, directed to fuel cell sealants, does not 
teach or suggest boron initiators. Deviny and Kneafsey do not teach or suggest use of 
organoborane initiators in fuel cells. 

a) Applicants' claims 14-16 

Applicants' claims 14-16 depend from claim 1. Claim 1 recites the 
presence of a cured sealant composition comprising the reaction products of a 
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pofymerizable component and a boron-containing initiator. Claim 14 recites that the 
boron-containing initiator comprises an alkyl borohydride. Claim 15 recites that the 
boron-containing initiator comprises specific alkyl borohydrides having a specific 
structure and including M + . M + is a metal ion, an alkyloxy metal ion, an alkali metal ion, 
a quaternary ammonium cation, and combinations thereof. Claim 16 recites that the 
boron-containing initiator comprises specific alkyl borohydrides having a specific 
structure and including M. M is a M is a Group IA metal, Group MA metal, ammonium, 
tetraalkylamrmonium, phosphonium, or metal complex. 

b) The rejection is improper as it lacks the predictability and reasonable 
expectation of success required for a prima facie obviousness rejection. 

At the time of Applicants' invention contamination of fuel cells was a 
known problem. At the time of Applicants' invention multiple references taught that 
metal cations and ammonia were known or suspected fuel cell contaminants, See St- 
Pierre, Jean, et al.; Successful Demonstration of Ballard PEMFCS . . .; Kelly, M.J. et al; 
Conductivity of polymer electrolyte membranes , . .; Cheng, X. et al; A review ofPEM 
hydrogen fuel cell contamination, . . .; Molter, Trent M.; The effects of impurities on fuel 
cell performance and durability; Wu, J. et al; A review ofPEM fuel cell durability: . . ; 
Zhang, X. et al; Contamination of membrane-electrode assemblies by ammonia ... As 
discussed above amines were known or suspected fuel cell contaminants. 

However, as discussed above there were, and still are, continuing long 
term studies by Universities and U.S. Government laboratories to research the effects of 
contaminants in fuel cells, identify fuel cell contaminants and find the sources of those 
contaminants. Thus, at the time of Applicants' invention the existence of the fuel cell 
contamination problem was known and some contaminants, such as metal cations, 
ammonia and amines, and some contamination sources, such as seals, were identified; 
but a complete understanding of the identity and sources of fuel cell contamination was 
not known. 
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As discussed above Deviny teaches the use of complexed amine- 
organoborane initiator systems wherein the organoborane portion of the complex must 
be liberated from the amine portion of the complex to allow the freed organoborane to 
initiate polymerization. Kneafsey teaches use of metal alkyl borohydrides (abstract). 

A skilled person at the time of Applicants invention would know that fuel 
cells are expensive and would strive to maximize the life of a fuel cell This would 
include avoiding use of materials, such as metal cations, amines and ammonia, known 
or suspected to contaminate fuel cells and shorten their life. A skilled person at the time 
of Applicants' invention would have no expectation of success in maximizing fuel cell life 
by using metal cations, amines and ammonia as a component of the fuel cell seal. 
Claims 14-16 are not obvious and are patentable for at least this reason. 

c) There is no motivation to modify the references as proposed in the 
rejection. 

As discussed above at the time of Applicants' invention the existence of 
the fuel cell contamination problem was known and some contaminants (such as metal 
cations, ammonium compounds and amines) and some contamination sources (such as 
seals) were identified; but a complete understanding of the identity and sources of fuel 
cell contamination was not known. 

As discussed above Deviny teaches the use of complexed amine- 
organoborane initiator systems wherein the organoborane portion of the complex must 
be liberated from the amine portion of the complex to allow the freed organoborane to 
initiate polymerization. Kneafsey teaches use of metal alkyl borohydrides (abstract). 

A skilled person at the time of Applicants invention would know that fuel 
cells are expensive and would strive to maximize the life of a fuel cell. This would 
include avoiding use of materials, such as metal cations, amines and ammonia, known 
or suspected to contaminate fuel cells and shorten their life. A skilled person at the time 
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of Applicants 1 invention would have no motivation to use metal cations, amines and 
ammonia in a fuel cell and especially in a fue[ cell location known to be a source of 
contamination (seals). Claims 14-16 are not obvious and are patentable for at least this 
reason, 

d) The art teaches away from the proposed combination. 

As discussed above Deviny teaches the use of complexed amine- 
organoborane initiator systems wherein the organoborane portion of the complex must 
be liberated from the amine portion of the complex to allow the freed organoborane to 
initiate polymerization. Kneafsey teaches use of metal alkyl borohydrides (abstract). 

At the time of Applicants' invention fuel cells are expensive and 
maximizing fuel cell life is, and continues to be, a desirable objective. The art generally 
teaches that fuel cell contaminants undesirably shorten fuel cell life and should be 
avoided in fuel cell use. Multiple references teach that metal cations, amines and 
ammonia are actual or suspected fuel cell contaminants that can shorten fuel cell life. 
The art teaches against use of materials that are known fuel cell contaminants (metal 
cations, amines and ammonia) in a fuel cell location known to be a source of 
contamination (seals). Claims 14-16 are not obvious and are patentable for at least this 
reason. 

3. Applicant's response to the rejection of claim 18 under 35 U.S.C. §103(a). 

Claim 18 was rejected under 35 U.S.C. §1 03(a) as allegedly being 
unpatentable over Schmid et al. in view of Deviny et al. as applied to claims 1-2, 4-11, 
17, 21-22 and 27-28 and in further view of U.S. Patent Publication No. 2004/0010099 to 
Kneafsey et al for the reasons given in point 5. Schmid, directed to fuel cell sealants, 
does not teach or suggest boron initiators. Deviny and Kneafsey do not teach or 
suggest use of organoborane initiators in fuel cells. 
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a) Applicants 9 claim 18 

Applicants' claim 18 depends from claim 1. Claim 1 recites the presence 
of a cured sealant composition comprising the reaction products of a polymerizable 
component and a boron-containing initiator. Claim 18 recites that the boron-containing 
initiator comprises a complex of an organoborane and polyaziridine having a specific 
structure. 

b) The rejection is improper as it lacks the predictability and reasonable 
expectation of success required for a prima facie obviousness rejection. 

At the time of Applicants' invention contamination of fuel cells was a 
known problem. At the time of Applicants' invention multiple references taught that 
inorganic and metal cations, ammonia and amines were known or suspected fuel cell 
contaminants. However, there were, and still are, continuing long term studies by 
Universities and U.S. Government laboratories to research the effects of contaminants 
in fuel cells, identify fuel cell contaminants and find the sources of those contaminants. 
Thus, at the time of Applicants' invention the existence of the fuel cell contamination 
problem was known and some contaminants, such as inorganic and metal cations, 
ammonia and amines, and some contamination sources, such as seals, were identified; 
but a complete understanding of the identity and sources of fuel cell contamination was 
not known. 

As discussed above Deviny teaches the use of complexed amine- 
organoborane initiator systems wherein the organoborane portion of the complex must 
be liberated from the amine portion of the complex to allow the freed organoborane to 
initiate polymerization. Kneafsey teaches use of complexed organoborane-polyaziridine 
initiators (abstract). The polyaziridine cation must be liberated from the complex to 
allow the freed organoborane to initiate polymerization. 

A skilled person at the time of Applicants invention would know that fuel 
cells are expensive and would strive to maximize the life of a fuel cell. This would 
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include avoiding use of materials, such as metal cations, amines, ammonia and 
chemically similar N atom containing cations, known or suspected to contaminate fuel 
cells and shorten their life. A skilled person at the time of Applicants' invention would 
have no expectation of success in maximizing fuel cell life by using metal cations, 
amines, ammonia and chemically similar N atom containing cations as a component of 
the fuel cell seal. Claim 18 is not obvious and patentable for at least this reason. 

c) There is no motivation to modify the references as proposed in the 
rejection. 

As discussed above at the time of Applicants' invention the existence of 
the fuel cell contamination problem was known and some contaminants (such as 
inorganic and metal cations, amines, ammonia and chemically similar N atom 
containing cations) and some contamination sources (such as seals) were identified; but 
a complete understanding of the identity and sources of fuel cell contamination was not 
known. 

As discussed above Deviny teaches the use of complexed amine- 
organoborane initiator systems wherein the organoborane portion of the complex must 
be liberated from the amine portion of the complex to allow the freed organoborane to 
initiate polymerization. Kneafsey teaches use of complexed organoborane-polyaziridine 
initiators (abstract). The polyaziridine cation must be liberated from the complex to 
allow the freed organoborane to initiate polymerization. 

A skilled person at the time of Applicants invention would know that fuel 
cells are expensive and would strive to maximize the life of a fuel cell. This would 
include avoiding use of materials, such as inorganic and metal cations, amines, 
ammonia and chemically similar N atom containing cations, known or suspected to 
contaminate fuel cells and shorten their life. A skilled person at the time of Applicants' 
invention would have no motivation to use inorganic and metal cations, amines, 
ammonia and chemically similar N atom containing cations in a fuel cell and especially 
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in a fuel cell location known to be a source of contamination (seals). Claim 18 is not 
obvious and patentable for at least this reason. 

d) The art teaches away from the proposed combination. 

As discussed above Deviny teaches the use of complexed amine- 
organoborane initiator systems wherein the organoborane portion of the complex must 
be liberated from the amine portion of the complex to allow the freed organoborane to 
initiate polymerization. Kneafsey teaches use of complexed organoborane-polyaziridine 
initiators (abstract). The polyaziridine cation must be liberated from the complex to 
allow the freed organoborane to initiate polymerization. 

At the time of Applicants' invention fuel cells are expensive and 
maximizing fuel cell life is, and continues to be, a desirable objective. The art generally 
teaches that fuel cell contaminants undesirably shorten fuel cell life and should be 
avoided in fuel cell use. Multiple references teach that inorganic and metal cations, 
amines, ammonia and chemically similar N atom containing cations are actual or 
suspected fuel cell contaminants that can shorten fuel cell life. The art teaches against 
use of materials that are known fuel cell contaminants (inorganic and metal cations, 
amines, ammonia and chemically similar N atom containing cations) in a fuel cell 
location known to be a source of contamination (seals). Claim 18 is not obvious and 
patentable for at least this reason. 

4. Applicant's response to the rejection of claim 19 under 35 LLS.C. §103(a). 

Claim 19 was rejected under 35 U.S.C. §1 03(a) as allegedly being 
unpatentable over Schmid et al. in view of Deviny et al. as applied to claims 1-2, 4-11, 
17, 21-22 and 27-28 and in further view of U.S. Patent No. 6,806,330 to Sonnenschein 
et al for the reasons given in point 6. 

Applicants presume that the reference to U.S. Patent No. 6,803,330 in the 
rejection is a mistake and the correct Patent No. for Sonnenschein et al is 6,806,330. 
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a) Applicants 9 claim 19 

Applicants' claim 19 depends from claim 1. Claim 1 recites the presence of a cured 
sealant composition comprising the reaction products of a polymerizable component 
and a boron-containing initiator. Claim 19 recites that the boron-containing initiator is a 
complex of trialkyl borane or alkyl cycloalkyl borane and an amine compound. 

b) The rejection is improper as it lacks the predictability and reasonable 
expectation of success required for a prima facie obviousness rejection. 

At the time of Applicants' invention contamination of fuel cells was a 
known problem. At the time of Applicants' invention some known fuel cell contaminants 
included metal cations and ammonium compounds. Multiple references teach that 
amines also known or suspected fuel cell contaminants. However, as discussed above 
there are continuing long term studies by Universities and LLS. Government laboratories 
to research the effects of contaminants in fuel cells, identify fuel cell contaminants and 
find the sources of those contaminants. Thus, at the time of Applicants' invention the 
existence of the fuel cell contamination problem was known and some contaminants, 
such as amines, and some contamination sources, such as seals, were identified; but a 
complete understanding of the identity and sources of fuel cell contamination was not 
known. 

As discussed above Deviny teaches the use of complexed amine- 
organoborane initiator systems wherein the organoborane portion of the complex must 
be liberated from the amine portion of the complex to allow the freed organoborane to 
initiate polymerization. Sonnenschein teaches use of amine-organoborane complexes 
as polymerization initiators (abstract). The complexes dissociate when heated or 
decomplexed to provide organoborane and amine or ionically bonded amine- 
decomplexer salt. (Col. 3, Lines 12-27). 
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A skilled person at the time of Applicants' invention would know that fuel 
cells are expensive and would strive to maximize the life of a fuel cell. This would 
include avoiding use of materials, such as amines, known or suspected to contaminate 
fuel cells and shorten their life. Fuel cell seals were also a known source of fuel cell 
contaminants. A skilled person at the time of Applicants' invention would have no 
expectation of success in maximizing fuel cell life by using amines, including the 
liberated amine cations and weakly complexed amines of the Sonnenschein boron 
initiators, as a component of the fuel cell seal. Claim 19 is not obvious and is 
patentable for at least this reason. 

c) There is no motivation to modify the references as proposed in the 
rejection. 

As discussed above at the time of Applicants' invention the existence of 
the fuel cell contamination problem was known and some contaminants (such as metal 
cations, ammonium compounds and amines) and some contamination sources (such as 
seals) were identified; but a complete understanding of the identity and sources of fuel 
cell contamination was not known. 

As discussed above Deviny teaches the use of complexed amine- 
organoborane initiator systems wherein the organoborane portion of the complex must 
be liberated from the amine portion of the complex to allow the freed organoborane to 
initiate polymerization. Sonnenschein teaches use of amine-organoborane complexes 
as polymerization initiators. The complexes dissociate when heated or decomplexed to 
provide organoborane and amine or ionically bonded amine-decomplexer salt 

A skilled person at the time of Applicants invention would know that fuel 
ceils are expensive and would strive to maximize the life of a fuel cell. This would 
include avoiding use of materials, such as amines, known or suspected to contaminate 
fuel cells and shorten their life. Fuel cell seals were also a known source of fuel cell 
contaminants. A skilled person at the time of Applicants' invention would have no 
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motivation to use materials that are known fuel cell contaminants (amine cations) in a 
fuel cell location known to be a source of contamination (seals). Claim 19 is not obvious 
and patentable for at least this reason, 

d) The art teaches away from the proposed combination. 

The rejection proposes using the Sonnenschein organoborane complexes 
as a reaction initiator. As discussed above, Sonnenschein teaches use of amine- 
organoborane complexes as polymerization initiators. The complexes dissociate when 
heated or decomplexed to provide organoborane and amine or weakly, ionically bonded 
amine complex. 

At the time of Applicants' invention fuel cells are expensive and 
maximizing fuel cell life is, and continues to be, a desirable objective. The art generally 
teaches that fuel cell contaminants undesirably shorten fuel cell life and should be 
avoided in fuel cell use. Multiple references teach that amines are actual or suspected 
fuel cell contaminants that can shorten fuel cell life. The art teaches against use of 
materials that are known fuel cell contaminants (amine cations) in a fuel cell location 
known to be a source of contamination (seals). Claim 19 is not obvious and patentable 
for at least this reason. 



Space intentionally blank. 
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In summary, Applicant has addressed each of the rejections in the present 



Office Action. It is believed the application now stands in condition for allowance, and 
prompt favorable action thereon is respectfully solicited. 

The Examiner is invited to contact Applicant's attorney if a conversation will 
hasten prosecution of this application. Applicant's undersigned attorney may be reached 
by telephone at (860) 571-2501, by facsimile at (860) 571-5028 or by email at 
james.piotrowski@us.henkel.com. All postal correspondence should be directed to the 
address given below. 



HENKEL CORPORATION 
Legal Department 
One Henkel Way 
Rocky Hill, CT 06067 
860.571.2501 (Office) 
860.571,5028 (Fax) 



G:\Legal\Patents\LC Cases\LC-519-PCT-US\0809_Amendment.cfoc 



Respectfully submitted 





Jkm^E. Piotrowski 
^Registration No. 43,860 
Attorney for Applicant 
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2.5 MW PEM Fuel Cell System for Navy Ship 

Service Power 



R. M. Privette, T. A. Flynn, M. A. Perna 

McDermott Technology, Inc. 

R. Holland, S. Rahmani, C. Woodburn 

Ballard Power Systems 

S. W. Scoles, R. C. Watson 

BWX Technologies, Inc. 

In 1997, the Office of Naval Research (ONR) initiated an advanced development program to 
demonstrate a ship sendee fuel cell power generation module. The ship service generator supplies 
the electrical power requirements of the ship. When completed, this program will provide the 
basis for new fuel cell-based ship service power system designs that will be a viable and attractive 
option for future U.S. Navy surface ships. 

A ship service fuel cell (SSFC) power generation module possesses attractive characteristics for 
U.S. Navy and other marine vessels. Chief among them is a high system level efficiency that is 
achieved through the direct electrochemical conversion of fuel. The low acoustic and thermal 
signatures expected from these systems are also attractive benefits. Simplicity of design adds 
some additional benefit. Maintenance costs are expected to be low. The fuel cells and stacks 
themselves have no moving parts and require little or no maintenance. The system "balance-of- 
planf* which manages fuel, air. and exhaust has few moving parts and contributes to reduced 
maintenance resulting in cost savings to the Navy and enhanced ship effectiveness. Reduction of 
power system emissions has become an issue in many harbors throughout the world. Emissions of 
NOx, CO, and unburned hydrocarbon pollutants from the SSFC generator are reduced up to 95% 
compared to gas turbines or diesel engines. Finally, fuel cells are inherently modular and can be 
distributed throughout the ship in a configuration compatible with all-electric ship concepts, and 
enhanced survivability designs. 

The ONR advanced development program currently consists of two phases. During Phase 1, 
competitive conceptual designs of 2.5 MW SSFC power plants are being prepared, along with 
critical component demonstrations designed to reduce development risk. The critical 
demonstrations include testing fuel cell cathode tolerance to salt laden air, military shock and 
vibration tests of cell hardware, and demonstration of reforming and fuel desulfurization 
technology using Navy logistic fuel. Phase 1 will be completed in 1999. Phase 2 of the 
development program, scheduled for completion in 2002. will result in a nominal 500 kW fuel cell 
ship sendee generator demonstration module to be constructed and tested in a laboratory setting. 

This paper summarizes some of the Phase 1 efforts of a team consisting of McDermott 
Technology Inc., BWX Technologies, Ballard Power Systems, and Gibbs & Cox. Conceptual 
design and critical component testing activities are described for a 2.5 MW Proton Exchange 
Membrane (PEM) SSFC system. 

The 2.5 MW SSFC system conceptual design criteria were as follows: 

• provide 2.5 MW net electrical power at 450 VAC, 3 phase, 60 Hz; 

• run on naval distillate fuel (NATO F-76); 

• achieve minimum system level efficiency of 40% (based on lower heating value) at 
50% of rated load; 

• achieve system size and weight goals of 57 1/kW and 18 kg/kW. respectively; 



• achieve estimated cost in production of $1500/kW; 

• be developed using commercial or near-commercial technologies; 

• be highly reliable and maintainable: and 

• be self-contained with respect to water balance and energy balance. 

These criteria were addressed through a conceptual design process consisting of trade-off studies, 
control system development system layout, and other system level evaluations. 

The baseline system concept is shown schematically in Figure 1. This system concept uses an 
autothermal reformer (ATR) based conceptually on a Defense Advanced Research Projects 
Agency (DARPA) and U.S. Army Research Office-funded, logistic fueled, adiabatic reformer 
designed and built by International Fuel Cells 1 . Downstream of the ATR is a series of 
components that clean up the reformate gas (remove CO and H 2 S) before the hydrogen rich gas is 
sent to the fuel cell. The sulfur cleanup is accomplished by use of a set of cycling regenerate 
sorbent beds followed by a polishing sulfur sorbent bed. This desulfurization system is able to 
achieve 1 ppm of sulfur in the reformate gas. The CO is removed by water-gas shift in high and 
low temperature shift reactors followed by selective oxidation of CO over a precious metal 
catalyst. The spent fuel and air from the fuel cell are mixed and burned to drive a 
turbocompressor and recover compression work. The extensive heat exchanger network required 
to achieve system- wide water and energy balance is not shown in Figure 1 . 




Vaporizer 



Figure 1. Simplified Process Diagram for the Baseline 2.5 MW Ship Sendee Fuel Cell Generator. 

System physical layout began with the development of a system piping and instrumentation 
diagram. The component sizing information from the trade-off analyses was used to assemble a 
three dimensional representation of the system. The layout considered grouping of hot 
components, minimization of piping runs, and accessibility to equipment for maintenance. The 
layout, with structural components removed for clarity, is shown in Figure 2. 



1 International Fuel Cells; Fuel Ceil Technology for Prototype Logistic Fuel Mobile Systems . Final Report; 
FCR 14968 A; 10/98. 



Figure 2. Physical Layout of Baseline 2.5 MW Ship Service Fuel Cell Generator Conceptual 
Design 

The SSFC conceptual design achieves all of the stated design objectives. Further work is required 
to ensure that the design can meet all of the Navy's requirements in all system operating modes. 

A major portion of Phase 1 of the SSFC program focused on demonstrating the suitability of PEM 
fuel cells for marine application. The focus of this effort was four-fold: assess the effect of salt air 
on PEM fuel cell operation; qualify the PEM fuel cell to U.S. military shock and vibration 
standards (MIL-S-901, Grade A and MIL-STD-167-1); characterize the fuel cell stack 
performance with simulated diesel reformate; and quantify the effect of ammonia and amines 
(potential contamin an^fro mjthe^uel processor) on fuel cell performanc e. Results from the salt 
air and shock and vibration tests are reported here. 

Figure 3 shows a summary of the 50-ppm salt air trial conducted by Ballard Power Systems using 
a 10-cell PEM fuel cell stack. The plot shows four polarization curves from a single stack 
operated with different air inlet conditions. Stack performance with ambient air, prior to salt 
injection is shown ("No Salt"). Polarization data taken at the start of a test run with 50-ppm salt 
in the inlet air stream is also shown and is almost indistinguishable from the "No Salt" line. It is 
evident that there is no immediate loss of power due to the introduction of salt at this highest level. 

The stack was operated for over ten hours under the 50-ppm salt air condition. Polarization 
performance was once again recorded after completing ten hours of operation. Even after ten 
hours of continuous operation under these conditionSj the stack does not show any consistent drop 
in performance. After stopping salt introduction, stack polarization performance was again 
recorded. This data showed an insignificant difference in the stack power output before the 50- 
ppm salt air trial and after. 

Short term fuel cell stack testing under simulated marine air conditions has not revealed any 
adverse effects of salt-laden air on fuel cell performance. This result holds even for extremely 
high levels of salt seen in rough sea states with no other means of protection against salt 
contamination (i.e. salt filters or louvers). Additional long term salt air testing is planned for late 
1999 to assess lifetime effects. 

The shock and vibration testing was performed at the National Engineering and Test 
Establishment in Montreal, Canada. The fuel cell stack tested showed no performance 
degradation in the shock (MIL-S-901D) and vibration (MIL-STD-167-1) environments, PEM fuel 
cell technology is thus qualified for marine service as both critical and ancillary equipment either 
with or without shock mitigation (i.e. dampeners) in place. 
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Figure 3 PEM Fuel Cell Response to Salt Air Conditions 



The successful fuel cell demonstrations under salt-air. shock and vibration conditions prove the 
suitability of PEM fuel cells in these naval marine environments. The test conditions were more 
severe than any expected shipboard conditions. PEM fuel cells should, therefore, be applicable to 
a variety of shipboard applications. 

The SSFC generator fuel processor converts naval distillate fuel (NATO F-76) to a gas acceptable 
for use by the PEM fuel cell stack. During Phase 1, the critical components of the fuel processor, 
including the reformer and regenerable desulfurizer, were demonstrated. A 20 kW Phase 1 
demonstration scale was chosen to allow economical verification of the technology while 
providing reasonable scale-up to a 500 kW subsystem during Phase 2. The demonstration fuel 
processor included an air heater, catalytic autothermal reformer, desulfurizer and carbon monoxide 
clean up. A photo of the fuel processor test facility at the McDermott Technology, Inc. - Alliance 
(Ohio) Research Center is shown in Figure 4. The gas clean-up components were sized for a 10- 
kWe gas capacity to support parametric testing of catalyst breakthrough and to evaluate space 
velocity design considerations. 







Figure 4. SSFC Fuel Processor Test Facility at McDermott Technology, Inc. - Alliance (OH) 
Research Center 



The SSFC fuel processor test matrix included tests designed to prove the capabilities of the 
reformer and the desulfurizer. Testing started with operating conditions for which there was 
previous data. Following these verification tests, operating conditions typical for the SSFC 
conceptual design as well as conditions intended to define the operability limits of the reformer 
were evaluated. 

Results from testing of the autothermal reformer are shown in Figure 5. The plot shows cold gas 
efficiency 2 as a function of operating pressure. Test data includes operation at fuel flow rates of 5 
and 10 )bm/hr, steam-to-carbon molar ratio of 3.5, and fuel equivalence ratio 3 of 4,2, Reformer 
efficiency exceeded the target level of 95% for all test conditions. Efficiency calculations resuit in 
values greater than 100 percent since they exclude incoming thermal energy in the preheated air 
and steam (which is converted to chemical energy in the exiting reformate gas). Another 
important measure of reformer performance is the percent conversion of F-76 fuel to light gases 
(CH4, C0 2 , and CO). Reformate gas analysis showed that nearly 100 percent of the F-76 fuel was 
successfully converted to these light gases. 




Pressure (pstg) 



Figure 5. SSFC Fuel Processor Autothermal Reformer Efficiency. 



The results described here from the Ship Service Fuel Cell Phase 1 Concept Design and Critical 
Technology Evaluation confirm the potential suitability of a PEM fuel cell-based electrical 
generator for use in Navy shipboard applications. The system conceptual design presents a 
compact, efficient generator with high reliability and acceptable cost. The reduced scale 
demonstrations of critical fuel cell and fuel processor components were successfully completed. 
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2 Cold Gas Efficiency = Higher Heating Value [ (H2 + CO) ] / [ NATO F-76 fuel ] 

3 Fuel Equivalence Ratio = Actual Air-to-fuel ratio / Stoichiometric Air-to-fuel ratio 
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What is a Fuel Cell 



A Fuel Cell operates likes a battery. It 
supplies electricity by combining 
hydrogen and oxygen electrochemically 
without combustion. Unlike a battery, it 
does not run down or require recharging 
and will produce electricity, heat and 
water as long as fuel is supplied. 
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Fuel Cell Operation 
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Fuel Cell Types 
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Fuel Cell Manufacturers 
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Fuel Cell Markets 



Fuel cell power system 
markets could soon exceed 
$3 billion worldwide* 
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Shipboard Market 

• Marine Market Surveys for fuel cell power sources by MTI for PEM 
systems and FCE for MC systems conclude: 

- Ship Service fuel cell generators for both commercially and 
Military Marine Markets compete economically with small turbines 
and marine diesels in terms of life cycle costing. 

- Diesel-fueled fuel cell ship service generator system for 
commercial marine applications will be in the 200 kW to 

1 Mw range; military applications in the 500 kW to 2.5 Mw range. 

- Military represents only 1 % of total marine FC market. 

■ Independent USCG marine market survey validates conclusions. 

• DOEyindustry also project future new concept higher power, ultra-high 
efficiency fuel cell power systems adaptable for marine high power 
propulsion applications 

Diesel-fueled commercial and military surface ship markets 
represents a significant potential market; circa 2005. 
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COMPARISON OF EFFICIENCIES FOR 
ELECTRIC POWER PLANTS 
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Fuel Cell Design Comparison 




Design Issues 
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Program Summary 




Objective: Develop shipboard fuel cell power systems with acquisition 
cost, weight, and volume comparable to other market options, for future 
Navy ships and craft. 

State of the Art. Industry is developing fuel cell technology for stationary 
and non-marine transportation applications operating on non-logistics fuels. 
Commercial units expected between 2001 and 2005, with stationary systems 
available before automotive systems, Little effort in diesel reformation. 



rh: Develop fuel cell power systems and components to enable 
commercial fuel celf equipment to be used in the unique Naval shipboard 
environment. 




Navy Shipboard Fuel Cell Program 
Navy Technical Challenges 
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Fuel Type 

s Logistic Fuel reforming 
Power Density, Cost & System Efficiency 
Reliability and Maintainability 
Duty Cycle/Transient Response 

Marine Environment 

✓ Cell Life 

✓ Environmental Contaminants 
s Shock & Vibration 

^ Ship Motions 
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SSFC: Ship Service Fuel Cell Program 
HPFC: High Performance Fuel Cell Program 




Navy Shi p board Fuel Ceil Pr o gram 



Program Timeline/Transition 




FY 00 



01 



02 03 



04 



05 



06 



07 



08 



09 



10 



11 



Fleet 
Introduction 



Ship Plnrf<H-m MaoHgerS 



IPS 
Transition 
Full Scale 



Design, FrtbrkAflM,, Oj»*r*tjon and Testing or* ulJ 
Sdk Ship Sernee Fuel Cell 



ONR/NAVSEA; 
Advanced i 

i 

Technology j 
Development ! 



500KW 

IFF 
Design 



5 



Fabrication., ■nd 
TcstinR«r50(JKWATR 
Integrated Fuel 
Processor 



r 



Design, fabrication, and Testing or 
625KW MCFC Demon srrslor 



SSFC Con cepr Design, 
niskBeduction" 



Al Sea 
Evaluation 
«2SKW 



ONR Applied j 
Research 



Design. Fabrication, and 
Testing orHPFC 
Demons Ira lor 



Legend 

□ Planned 
l~l Proposed 
A Decision Point 



High Pe rfbr nun ol Fuel Cell Program 
(Adr. RcJ~am, PC Hybrid Mfldri, Sulfur TolerMice, High Tamp FC Mirirdiilinn) 




Navy Shipb o ard Fuel Cell Pr o gram 




Ship Service Fuel Cell Program Demonstration 
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FuelCell Energy 625kW 450V, 3$ , 60 HZ, 50% Efficient MC SSFC Power Module Concept 



PHASE I: Complete (S4.6M) FY00 

• 2,5 MW SSFC Conceptual Design 
■ Sub-scale risk reduction demonstrations 

» Cell salt aiT tolerance 
- NATO F-76 diesel fuel 1 reForming 
» Fuel contaminant removal and cell sensitivity (sulfur) 
* Cell shock, and vibration 

* Analytical mode] 
« Marine/Navy market surveys 



PHASE TI: (36 month, S12.6M ONR cost shared contract awarded 
May 00 In FCE, Inc.) 

• 625kW SSFC module detailed deSlfai 

■ 625kW SSFC module fabrication 

• Factory lesting 

■ Dynamic simulation model 

• IPS program transition planned - ship impactfcosi studies 
underway 

■LABEVAL (FYQ4) 



PHASE HI: 

- Al-Sea demonstration (FY05) 
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Ship Service Fuel Cell Program Demonstration 




McDenmott Technology 



SOOkW SSFC Autofhermal Reformer (ATR) based NATO F76 Diesel Integrated Fuel Processor (IFP) 



PHASE I: Completed (S 4.5 MJ FYOO 

■ 2.5 MW PEM SSFC Conceptual Design 
• Sub-scale risk reduction demonstrations 

• CelJ sail air tolerance 

• NATO F-76 diesel fuel reforming 

• Fuel contaminant removal ano" cell sensitivity (sulfur. 



PHASE IT: (36 month. S16.5M 50% cos( shared ONR program. 

• Initial £) BM ONR contract award July OO ioMTi) 

■ 500kW IFP preliminary design 

• 500kW IFP detailed design 

■ 5001cW IFP fabrication 

• 500kW IFP factory testing 

■ Dynamic simulation model 



ammonia, amines) 
■ Cell shock and vibration 

• Aaalyiical performance model 

• Marine/Navy marker surveys 
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Solid Oxide Fuel Cell coupled to a gas turbine 
generator to provide a 70% efficient 
power source scaleable to 20MW, 
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» Faster Lhe use of Fuel Cells far ship applications utilizing diesel fuels 
tD fulfill nalional transportation needs. 

•Transfer the technology lo the public. 
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requirements. 
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Maritime Administration 
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•Demonstrate the effectiveness of focused interagency partnership. 
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Foreign Marine Fuel Cell Interest 



■ Canada: Ballard developing 200 kW methanol/LOX fuel cell for military 
submarines. 

• Germany: 

- Siemens Power Generations Group recently delivered 300 kW PEM fuel cell 
for Class 212 submarines. 

- HDW has tested 2 Ballard 80 kW PEM power plants for submarine service. 

• UK: UK is interested in jointly developing a 1 .5 MW ship service PEM fuel cell. 

• French & Netherlands Navies are investigating marine fuel cell applications. 

• Japan: Evaluating fuel cells for marine applications. 

• Italian Navy: Proposed 1 MW MC FC system for surface ship applications. 

• 4 NATO Countries supporting diesel fuel reforming (100 KW) demonstrations. 




• High efficiency fuel cell systems provide the potential 
for substantial payoff with reduced production of 
overall emissions in commercial and military 
applications, 

• ONR/NAVSEA program underway to demonstrate 
Fuel Cell Power Systems for future naval combatants 
and other craft. 

• Navy Shipboard Fuel Cell Program is developing 
technology to overcome unique Navy technical 
challenges while leveraging commercial fuel cell 
advancements. 
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this can be done, for example, by coating or impregnating the carrier material with the 

acidic or basic material. 

Examples of acidic compounds that are often present in atmospheric air 
and are considered as contaminants for fuel cells include, for example, sulfur oxides, 
5 nitrogen oxides, hydrogen sulfide, hydrogen chloride, and volatile organic acids and 
nonvolatile organic acids. Examples of basic compounds that are often present in 
atmospheric air and are considered as contaminants for .fuel cells include, for example, 

ammonia, amines, amides, sodium hydroxides, lithium hydroxides, potassium 
»»_ — ■ 

hydroxides, volatile organic bases and nonvolatile organic bases, l 
10 For PEM fuel cells, the cathodic reaction occurs under acidic 

conditions, thus, it is undesirable to have basic contaminants present An example of 
a preferred material for removing basic contaminants, such as ammonia, is activated 
carbon impregnated or coated with citric acid. 

A first embodiment of a filter element 1 5 (Figure 1) having both the 
1 5 physical or particulate removal portion and a chemical removal portion is shown in 
Figure 9 as filter element 15c. Filter element 15c is similar to filter element 15a of 
Figure 7 in that filter element 15c has filter construction 100 (shown in phantom in 
Figure 9) with first flow face 105 and second flow face 110, support band 162, frame 
200, and sealing system 60. Filter element 15c further includes an adsorbent element 
20 300, such as shaped activated carbon. Adsorbent element 300 is positioned on frame 
200 within frame 200 and sealing system 60. The compressible sealing system 60 
fiictionally retains adsorbent element 300 in the desired position, but can be deformed 
to release adsorbent element 300 for replacement when the adsorbent is spent. 

In a preferred embodiment, adsorbent element 300 is a shaped mass of 
25 activated carbon material held together by a thermoplastic binder. A preferred 

adsorbent element 300 includes activated carbon material, sieve size 12x20 or 8x16, 
molded with a level of 8% ethylene- vinyl acetate binder. Such a preferred adsorbent 
element 300 can be made in accordance with the teachings of U.S. Patent Nos. 
5,189,092 (Koslow) or 5,331,037 (Koslow). In another preferred embodiment, 
30 adsorbent element 300 is made from layers (not shown) of carbon material available 
from Hollingsworth & Vose of East Walpole, MA (also known as H&V). 

25 
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Successful Demonstration of Ballard PEMFCS for Space Shuttle Applications 



Jean St-Pierre* Nengyou Jia 

Ballard Power Systems 
9000 Glen/yon Parkway 
Burnaby, BC t Canada, V5J 5J9 

( Received August 13, 2001 ; received in revised form March 22, 2002 ) 

Abstract: An 11,000 hows PEMFC lifetest (8 cells Mlc5l3 stack) was conducted using oxygen and hydrogen feed streams which demonstrated a 
very low degradation rate (< 2 pV-h -1 ) without the formation of external leaks and teaks between cathode and anode compartments. Degradation 
mechanisms included mass transport related voltage losses due to a change in hydrophiticity of the catalyst substrate and seat oxidation. The 
results met NASA 's requirement of a 10,000 hour life and demonstrate a significant step towards reducing costs of the present /IFC flight system 
which currently lasts between 1, 000 and 2 f 600 hours. Recommendations for a subsequent test program are also provided. 

Key words : PEMFC, aerospace applications, oxygen/hydrogen reactants, lifetime, degradation. 



1. INTRODUCTION 

Polymer electrolyte membrane fuel cells (PEMFCs) were first 
used for space applications during the Gemini program (1962- 
1966) and subsequently for the Biosatellite 2 program (1967) 
[1,2]. However, at the end of this period, the power density 
could no longer rival the performance of the emerging alkaline 
fuel cells (AFCs). As a result, the PEMFC technology was sub- 
sequently abandoned in favor of the alkaline fuel cell for Apollo 
missions (1968-1972). Today, alkaline fuel cells are still used 
to power the Space Shuttle missions. 

However, the development of PEMFCs for terrestrial applica- 
tions (micro power, portable, motive and stationary) which has 
benefited from substantial investments during the last few years 
has resulted in increased performance, long lifetimes and re- 
duced costs surpassing the alkaline fuel cell characteristics. 
Also, requirements for space applications have evolved and are 
presently more stringent [3]. In particular, significantly smaller 
life cycle costs are necessary to achieve future objectives. This 
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requirement as well as others for the Space Shuttle include a 
10,000 hour life system (compared to the current 12 kW alkaline 
fuel cell system life of approximately 1,000-2,600 hours [3-4]) 
producing 20 kW at a nominal 28 V dc packaged in a volume 
comparable to the current alkaline fuel cell power plant. 

The capability and feasibility of meeting life requirements are 
being demonstrated with one of Ballard's commercially devel- 
oped PEMFC stacks. Successful demonstration of this capa- 
bility would significantly reduce the cost, schedule and techni- 
cal risks of developing the flight system. Advanced commer- 
cial hardware development promises additional improvements 
in terms of performance and cost. 

2. EXPERIMENTAL 

2.1 Stack configuration 

A modified Ballard 8 cells Mk5 13 stack with an internal humid- 
ihcation section was used for all tests. Since the Mk513 design 
was originally developed for air operation a modification was 
required to allow relatively pure oxygen operation at low sto- 
ichiome tries with the objective of avoiding water management 
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issues due to lower pressure drops induced by reduced gas flow 
rates. Ia addition, the stack and test station materials were not 
altered and therefore another objective of the program was to 
determine their behaviour under relatively pure oxygen service 
(> 99.8 %), 

The membrane/electrode assemblies were made by hot pressing 
together a Dow membrane manufactured by Dupont, an anode 
made from a Toray carbon fiber paper onto which a catalyst 
layer (Pt/Rh mixture with 4 mg Pt-cm~ 2 and 1.4 mg Rh-cm~ 2 ) 
and aNafion ionomer layer were deposited, and, a cathode also 
made from a Toray carbon fiber paper onto which a carbon layer, 
a catalyst layer (4 mgPt*cm~ 2 ) and aNafion ionomer layer were 
deposited. 

After the lifetest was completed, a membrane/electrode assem- 
bly (cell 7, counted from the negative bus plate), was delami- 
nated and samples were cut from the anode, cathode and mem- 
brane, near the oxidant inlet port, near the fuel inlet port, 
in the center, near the oxidant outlet port, and near the fuel outlet 
port (Figure 1). In addition, humidifier membrane samples from 
both oxidant and fuel subsections were analyzed. The sample_s 
were analyzed by ICP-MS to determine the levels of twelve dif- 
ferent potential contaminants (Mg, Al, Si, K, Ca, Cr, Mn, Fe, 
Ni, Cu, Zn, Mo). The contaminant selection is representative 
of stack and test station construction materials (stainless steel, 
brass, contaminants from carbon plates). 




Figure 1: Modified oxidant flow field plate illustrating the in- 
ternal ports and serpentine flow field (1 : oxidant inlet, 2: fuel 
inlet, 3: coolant inlet, 4: oxidant outlet, 5: coolant outlet, 6: fuel 
outlet). 



Seal sample (from both active and humidification sections) anal- 
yses by FTIR were completed after the lifetest was completed. 

2.2 Test station configuration 

The test station coolant loop was equipped with a filter unit 

(1.4 1 packed bed containing in a 1:1:1 volume ratio activated 

carbon, an anion exchange resin and a cation exchange resin) 

^to mihunize die risk that the coolant water, ^ which also acted 

as the humidification water and was in physical contact with 

the membrane/electrode assemblies, transmitted contaminant s 

which have a detrimental effect on cell performance. The filter 
* — — ■ 

unit state was constantly monitored by measuring three different 
parameters related to the outlet water. For the conductivity and 
pH measurements, commercially available meters were used 
(YSI model 35 conductance meter, Accumet 950 pH/ion me- 
ter) with water samples which were agitated and cooled to room 
temperature. Organic contaminants also need to be eliminated 
from the coolant water but are not detected by the water conduc- 
tivity and pH measurements. Instead, chemical oxidation of the 
water samples followed by titration was used to determine the 
organic content of the coolant loop [5], Humidification mem- 
brane and membrane/electrode assembly degradation was mon- 
itored by measuring the fluoride content of water samples (ion 
chromatography) used to determine the filter unit state. 

Relatively pure oxygen (> 99.8 %) and hydrogen (> 99.9 %) 
were used to meet Ballard's specifications. Th^_staji^ij£t_anr^ 
outlet gases were analyzed using conimercial residual gas anal- 
ysis equipment (Spectrum Research model QMS300) to first 
ensure that the specifications were met, but also to determine 
whether jjpL ot contaminants were released or generated within 
th e stack during operation. _ 

2.3 Test procedure 

The stack was operated continuously, except to perform diag- 
nostics. Initially, the lifetest was operated at 0.538 A-cm -2 . 
However, after approximately 1,000 hours, the current density 
was increased to 0.861 A-cm -2 to test the hardware limits. Mea- 
surements at die lower current density value of 0.538 A-cm -2 
were still obtained after this change but only accounted for a few 
hours of operation per week. Since voltage data were obtained 
at two cmrent densities, it allowed the definition and determi- 
nation of two performance degradation rates. Different current 
densities may lead to different degradation rates since control- 
ling mechanisms (kinetic, ohmic or mass transport) may differ 
and be differently affected over life. 

A summary of the diagnostics performed during stack opera- 
tion, which were designed to extract the maximum information 
from both fuel cell stack and test system (for fuel cell system 
input), is provided in Table 1. Other diagnostics were also per- 
formed at the end of the lifetest to determine whether any mate- 
rial degradation occurred. On a daily basis, cell voltages as well 
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as cell resistances (using a commercial milliohmmeter Hewlett- 
Packard model 4328 A operating a 1 kHz) were measured, while 
the operational conditions were monitored and adjusted, if re- 
quired, to the desirable values. On a weekly basis, leak rates 
from the stack were measured (from the anode compartment to 
the cathode compartment, from the anode and cathode compart- 
ments to the ambient atmosphere, and from the anode and cath- 
ode compartments to the coolant compartment) and water sam- 
ples were taken from the anode and cathode knockout drums, 
and from the filtering unit loop to determine their conductivity 
andpH. In addition, after the decision was made to increase the 
current density to 0.861 A-cm" 2 , the cell voltage was also mea- 
sured on a weekly basis at 0.538 A-cm -2 . Every 1,000 hours, 
a polarization was performed by repeatedly changing the cur- 
rent density and waiting for a few minutes before recording the 
steady state voltage. Finally, other tests were performed on an 
irregular basis which include determination of the total organic 
and fluoride content of different water samples (from the same 
sources as for the determination of water conductivity and pH), 
leak rate measurements after unscheduled shutdowns and resid- 
ual gas analysis of the reactant streams. 



Table 1 : Summary of die tests performed during the lifetest 



Test Frequency 


Test Performed 


Daily 


• Cell voltage at 0.538 A-crn -2 

(< 1,000 h) and at 0.861 A-cm -2 (> 1,000 h) 

• Cell resistance 

• Operational conditions verification 


Weekly 


• Water conductivity 

• Water pH 

• Leak rates 

• Cell voltage at 0.538 A-cm" 2 (> 1,000 h) 


Every 1000 h 


• Polarization 


Infrequently 


• Total organic carbon 

• Fluoride content of water samples 

■ Residual gas analysis of reactant streams 

• Leak rates after unscheduled shutdown 

• Humidification membrane aird 
membrane/electrode assembly sample 
examination 

• Seal sample examination 



At the end of the lifetest, samples were taken from humidifica- 
tion membranes, membrane/electrode assemblies and seals, and 
analyzed by the methods given in section 2.1. 

3. RESULTS AND DISCUSSION 

3.1 Beginning of life stack performance 

Polymer electrolyte membrane fuel cells polarization curves are 
easily discussed using simple parametric relationships such as [6] : 



V = E r -61og^~J -Ri-mexpni (1) 

where the cell voltage V is in Volts, the reversible cell volt- 
age E r is in Volts, the Tafel slope b is in V/decade, the current 
density i is in A-cm -2 , the exchange current density i 0 is in 
A-cm -2 , the cell resistance R is in ohm- cm 2 , and m and n are 
parameters characterizing mass transport effects. Equation 1 
includes all the performance losses of interest (kinetic, ohmic, 
mass tr ansport). Other similar relationships, which contain ad- 
ditional mass transport related parameters, have also been de- 
rived and could equally be used to discuss performance losses 
[7-11]. With pure reactants, mass transport losses are largely 
minimised. For this specific case, all relationships [6-11] are 
simplified to the same equation (equation 1 without the last term 
on the right hand side). 

The beginning of life polarization curve is illustrated in Figure 2 
and is represented by the fitted simplified equation 1 (noting 
that E r + biog(i 0 ) is a constant) which assumes that kinetic and 
ohmic performance losses are the only important terms: 

V = 0.872 - 0.068 log(t) - 0.111* (2) 

where V is in Volts and i is in A-cm~ 2 . Since the stack had 
8 cells, it was possible to compute the cell performance standard 
deviation (voltage measurements for the 8 cells at a given time^ 
Figure 3). Generally, the standard deviation increases with cur- 
rent density because more sources of variation are present. In 
the present case, at low current densities only electrode kinetics 
(mostly the oxygen reduction reaction) are important. At larger- 
current densities, ohmic losses associated with the membrane 
and mass transport losses are becoming more important. Even if 
the standard deviation increases with current density, values are 
relatively low which indicates good reproducibility of the mem- 
brane/electrode assembly and stack components manufacturing 
processes. In addition, it is noted that the standard deviation in- 
creases under open circuit conditions. Again, the reason for this 
is the presence of additional sources of cell performance varia- 
tion, such as the formation of a mixed potential (Ft oxidation, 
oxygen reduction). 

Average cell resistance values at the beginning of life are 
given in Figure 2 and are fairly constant over the current den- 
sity range investigated. It is also observed that the average 
ceil resistance values obtained with the milliohmmeter (0.31- 
0.35 mil) are smaller than the value derived from Equation 2 
(0. 1 1 1 £7cm 2 / 294.4 cm 2 cell active surface area for the Mk513 
design = 0.38 mO). The milliohmmeter operates at a frequency 
of 1 kHz which is sufficiently large to ensure that the measured 
values do not include mass transport related effects. There- 
fore, the ohmic region of the polarization cuive is really pseudo- 
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Current density (A.cm " 2 ) Cyrrenl densit V ( Acm *) 



Figure 2: Polarization curves and average cell resistances ob- 
tained at the beginning of life and after more than 1 1 ,000 hours 
of operation. 



Figure 3: Cell voltage and resistance standard deviations ob- 
tained at the beginning of life and after more than 1 1,000 hours 
of operation. 



ohmic in character (ohmic behaviour but not ohmic origin), com- 
prising both ohmic and mass transport contributions. 

The average cell power generated at the beginning of life is de- 
rived from Equation 2: 

P = (0.872 - 0.068 log(a) - O.llli)* (3) 

where P is the power generated in W-cm^ 2 . The peak power is 
found by solving equation dP/di = 0 using Equation 3. The peak 
power is 1.57 W cm^ 2 at a current density of 3.62 A-cm -3 . 
This is substantially higher than the maximum experimental 
value derived from Figure 2 (0.81 W-cm~ 2 at 1.08 A-cm -2 ) 
which offer the possibility of further enhancements to the stack 
characteristics (volume and weight). However, it is necessary 
to point out that other performance limiting mechanisms will 
occur at such high current densities (mass transport) which will 
further limit the peak power achievable. Therefore, the theoret- 
ical peak power computed here only represents an upper limit. 

The preceding results allow the computation of the power den- 
sity, size and weight of an hypothetical and desirable 20 kW 
system (gross power, which means that parasitic losses, which 
were not measured or calculated in this study, need to be taken 
into account to compute the net power) operated at a current 
density of 0.861 A-cm~ 2 . The results show that the Mk513 
based system fits into the space shuttle volume allocation (112 
vs 166 I) but its weight is substantially larger than the alloca- 
tion (468 vs 119 kg). Other more advanced and higher gravi- 
metric power density stack architectures, such as the Mk7 and 
Mk9 (both volume and weight targets are met witii these de- 
signs), should therefore be considered for subsequent develop- 



ment phases. It should also be noted that other specifications 
will need to be met such as output voltage, heat rejection and 
ability to operate with lower grade reactants. 

It is difficult to eliminate heat in space since radiative heat trans- 
fer is largely dominant. Therefore, it is important that the amount 
of heat generated by the fuel cell is predictable and that heat re- 
moval mechanisms are known. The coolant heat dissipation at 
the beginning of life is given in Figure 4. The measured values 
are also favorably compared to a theoretical expression which 
indicates that the main heat removal mechanism is mainly due 
to the coolant flow [12]: 



Q = iA \^F- V ) (4) 

where Q represents the heat dissipated in W, i the current den- 
sity in A-cm -2 , A the total active surface area in cm 2 , AH/nF 
the thermoneutral voltage (higher heating value, 1.564 V) and 
V the cell voltage in Volts. Equation 2 is used to represent the V 
term in equation 4. The thermoneutral voltage under the present 
test conditions was determined by first computing the thermo- 
dynamic efficiency at the cell temperature (AG/AH [13]) fol- 
lowed by the computation of AG/nF using the Nernst equation. 

3.2 Stack performance over time 

The polarization completed after more than 1 1,000 hours of op- 
eration illustrated in Figure 2 is represented by the following 
equation similar to Equation 2: 

V = 0.883 - 0.068 log(i) - 0.14i (5) 
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Figure 4: Comparison between the theoretical coolant heat dis- 
sipation and measured values obtained at the beginning of life 
and after more than 1 1,000 hours of operation. 



A comparison between the beginning of life (Equation 2) and 
after more than 1 1,000 hours of operation data (Equation 5) re- 
veals the appearance of a slight kinetic gain of 9 mV (an analy- 
sis of variance showed significance at the 1 % significance level 
between the beginning of life and after more dian 1 1,000 hours 
of operation data when the error term was obtained by pooling 
al! interaction terms). This is likely due to the presence of con- 
taminants deposited on catalysts during die membrane/electrode 
assembly processing and subsequently oxidized during stack 
operation. It is also likely due to slow equilibrium processes 
occurring at the catalyst surfaces and in the membrane. In addi- 
tion, a slightly larger ohmic resistance is observed (an increase 
from 0.111 to 0.14 ftan 2 ). Tins increase in resistance is not 
supported by the milliohmmeter measurements as will be dis- 
cussed. At 0.538 and 0.861 A- cm -2 , the change in ohmic re- 
sistance respectively represents a 16 and 25 mV loss. A net 
performance loss of 7 and 16 mV supported by the polarization 
plots (the ohmic loss added to the 9 mV kinetic gain) at respec- 
tively 0.538 and 0.861 A -cm -2 is computed and will be used 
for comparison purposes with the cell voltage values recorded 
during the lifetest duration. 

The cell performance standard deviation was not affected by 
operation even after 1 1,000 hours (Figure 3) which is partly in- 
dicative of the absence of significant new sources of variation 
associated with operation time. Low standard deviations lead to 
increased reliability by decreasing, for example, the likeliness 
of cell reversal during operational condition upsets or during 
dynamic operation. 

r 

Figure 5 show average ceil voltages measured during the 
lifetest duration. Very low average degradation rates of -1.4 and 
-1.3 jjfcV-h -1 were obtained at respectively 0.538 and 



0.861 A cm" 2 . The cell performance loss during the lifetest 
is computed using these degradation rates and results in values 
of 16 and 14 mV at respectively 0.538 and 0.861 A -cm -2 after 
1 1,072 hours. These values are consistent, within experimen- 
tal error, with those deduced from the polarization curves (Fig- 
ure 2). Published work for PEMFCs ([14-15]) using alternate 
membranes (Raipore R- 1 0 1 0 and R-40 1 0, poly(tetrafluoroethy 1- 
ene-co»hexafluoropropylene) grafted with polystyrene sulfonic 
acid) showed significantly larger degradation rates which are 
mostly attributable to the membrane instability (for example, up 
to 50-250 /iV-h -1 , [14]). The degradation rates obtained here 
for the PEMFC are also smaller by an order of magnitude than 
those published for the AFC (-20 jLiV-h" 1 , [16]). 
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Figure 5: Average cell voltage at two current densities as a func- 
tion of time. 



The cell resistance was also measured during the lifetest dura- 
tion and measured values appear in Figure 6 (the event at ap- 
proximately 5000 hours was due to a change in the milliohm- 
meter unit used to take the measurements). Generally, the cur- 
rent density did not have any effect on the measured values, 
but an apparent decrease was observed over the lifetest duration 
(-2.8 and -2.2 nO-h -1 at respectively 0.538 and 0.861 A cm -2 ), 
which at first appears inconsistent with the increase deduced 
from the polarization curves. It should be noted again that the 
milliohmmeter operates at a frequency of 1 kHz which is suf- 
ficiently large to ensure that the measured values do not in- 
clude mass transport related effects. Therefore, the ohmic re- 
gion of the polarization curves is really pseudo-ohmic in char- 
acter, comprising both ohmic and mass transport contributions 
(the only remaining cause of degradation besides kinetic and 
ohmic factors). The evidence suggests that there is an increase 
in mass transport losses partly compensated by a decrease in 
ohmic losses. This ohmic (oss could be due to compression re- 
sulting in a slow reduction in membrane thickness over long 
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periods of time. Further evidence supporting these degradation 
mechanisms will be presented in the next section. 
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Figure 6: Average cell resistance at two current densities as a 
function of time. 



The cell performance degradation rate had only a small nega- 
tive impact on the power delivered by the stack (less than 3 % 
change in voltage at 1 A- cm -2 using equations 2 and 5) which 
could in practice be easily circumvented by slightly increasing 
the current density as long as the voltage stays within the al- 
located range. This strategy would also slightly and negatively 
affect system efficiency (increased heat rejection) while increas- 
ing reactant consumption. The coolant heat dissipation, related 
to cell performance, was unaffected by operation as shown in 
Figure 4. The variations are likely due to daily and seasonal 
changes in laboratory temperature which affect to a small ex- 
tent the heat dissipated by natural convection. 

33 Stack and test station component analysis 

Although several types of analysis were earned out on many 
of the stack and test station components, a substantial propor- 
tion of the analyses did not reveal important or critical issues 
related to stack reliability. This is to a large extent due to the 
almost maintenance free operation and low cell performance 
degradation observed during the entire lifetest duration. The 
only significant material degradation mechanism identified was 
seal oxidation whereas the cell performance loss was due to a 
change in catalyst substrate hydrophilicity. External leaks and 
leaks between cathode and anode compartments were not de- 
tected during the entire lifetest duration. 

Figures 7 and 8 show some of the water sample characteris- 
tic values obtained during the duration of the lifetest. With a 
filter unit, the water conductivity was kept at a low level of ap- 
proximately 2 pS-cm _1 which resulted in minimal contamina- 
tion problems. The filter unit needs to be r epacked when the 



conduc tivity value increases or when the pH decreases, indi-j 
eating that one or J)otli^fTIie~ion exchange resins is saturateel 
with ionic co ntaminants . The filter unit needed to be repacked 
twice during the lifetest (at 4076 and 85 13 hours) which lead to 
a deduced lifetime in the present test configuration of approx- 
imately 5,000 hours. The large water conductivity values ob- 
tained at the beginning and near the end of the lifetest were due 
to substantial periods of test station inactivity. During these pe- 
riods, contamination of the water by test station, stack and mem- 
brane/electrode assembly materials was still occurring while the 
filter unit was inactive, resulting in increased water conductiv- 
ity values and decreased water pH values when the tests were 
resumed and tire test station was active. The results also reveal 
that conductivity is a more sensitive parameter to establish the 
need for filter maintenance. Table 2 reports the measured total 
organic carbon values for different samples. The total organic 
carbon values were always low during the entire duration of the 
lifetest, which means that the activated carbon bed was never 
saturated before the ion exchange resins needed replacement. 
As a consequence, its size could be reduced to save space. Also, 
little contamination occurred after the water was transferred to 
the reactant gases as evidenced by the low total organic carbon 
content values of the water condensed from the stack outlets. 
The fluoride content of water samples (same sources as indi- 
cated jn Table 2) was determined and always revealed values 
below the detection limit (0.05 mgd -1 ). These results (Fig- 
ures 7 and 8, Table 2) indicate that the water produced was sig- 
nificantly pure and possibly potable (further specific tests, such 
as bacterial count, are required to confirm this suggestion). 



Table 2: Water sample total organic carbon values measured 
during the PEMFC lifetest 



Time 


Anode 


Cathode 


Coolant/Hnmidi- 




Condenser 


Condenser 


fication Circuit 


00 


(ppm) 


(ppm) 


(PPm) 


115 


5.1 


1 


Not measured 


475 


2.9 


1.1 


Not measured 


2997 


1 


1.6 


Not measured 


6020 


1.8 


1.2 


<1 


7018 


1.8 


1.1 


1.2 


S010 


< 1 


<1 


<1 


9100 


<1 


< 1 


<1 


10027 


1.1 


< 1 


<\ 


11072 


2.1 


<1 


1.2 



The residual gas analyzer data revealed that nothing was de- 
tected beyond 50 atomic mass units up to the instrument limit 
of 300 atomic mass units. R was c o ncluded that the inle t Rases , 
contain small amounts of contam inants (FhOJ N^ , Ar, O?., CQ^ 
CH 4 for hydrogen, and H 2 Q, N 2 , Ar, H 2j CO, CH 4 for oxygen ) 
which correspond to those described in the specifications. There 
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Figure 7: Water sample conductivity values as a function of 
time. 
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Figure 8: Water sample pH values as a function of time. 



tally observed (the increase in pseudo-resistance is due to mass 
transport). 

There is indication tiiat the membranes did not sustain any sig- 
nificant chemical modification during the lifetest duration (po- 
larization, resistance, fluoride loss, membrane composition). 
The observed decrease in ohmic resistance was due to tire ap- 
pearance of a mass transport loss (pseudo-ohmic resistance). 
Figure 9 illustrates the cathode side of membrane/electrode as- 
sembly 8. It is observed that the flow held is clearly visible on 
the carbon fiber paper. The areas corresponding to the chan- 
nels are more hydrophilic than those located below the flow 
field landings. This is the characteristic that makes the flow 
field appear so clearly when the membrane/electrode assem- 
bly is slightly wet. This is explained by either a change in the 
carbon fiber paper Teflon content, a change in carbon surface 
groups, a change in effective porosity (possibly due to long term 
mechanical compression) or a localized accumulation (near the 
carbon fiber paper/flow field interface) of hydrophilic impurities 
which may lead to mass transport problems if water accumu- 
lates, thus making oxygen diffusion towards the catalyst layer 
more difficult 




-n -r.< ■■ ,<. t. z 

£ »■ •. - V--- <■ i.- t T-= j 



was no evidence that inlet gases were modified by addition or 
formation of contaminants within the stack. 

Generally, more contaminants were found in the humidification 
membrane than in the delaminated membrane/electrode assem- 
bly samples. This is expected because humidification mem- 
branes are in direct contact with the largest earner/source of 
ionic contaminants (coolant/hnmification water). Some con- 
taminants may escape through the membrane and find their way 
to the membrane/electrode assembly. For all samples, the con- 
taminants levels are low even after more than 11,000 hours of 
operation and did not affect the cell performance. Contami- 
nants ca n increase kinetic losses by adsorption on catalyst sur- 
Sees and ohmic losses by ion exchange (H + ~dTs^placeme^ulby^ 
other cationsJTT /J. However, suchTrends were not experimen- 



Figure 9: Cathode side of membrane/electrode assembly 8 after 
more than 1 1,000 hours of operation 

Although no leaks related to seal failures were detected during 
the entire lifetest duration, seals were affected by long expo- 
sure to the stack operating conditions. Sample analyses revealed 
that oxidation has taken place and that it was more extensive in 
the humidifier than in the active section of the stack. These 
results indicate that further work is necessary to improve seal 
resistance. Test station materials were visually examined after 
the lifetest was completed, but no abnormalities were detected. 
However, it is still possible that the materials were affected (for 
example, hydrogen embrittlement) and further tests will be re- 
quired to confirm this hypothesis. 
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4, CONCLUSION 

Under the direction of NASA, a PEMFC lifetest was completed 
to determine degradation mechanisms. The lifetest was earned 
out for more than 1 1,000 hours and demonstrated very low per- 
formance degradation (< 2 /zV-h -1 ). Interestingly, the lifetest 
was not terminated by a technical deficiency but rather by the 
fact that the desired 10,000 hours requirement was achieved. 
The PEMFC also exhibited some other desirable characteristics 
such as the possibility that the water produced is potable, low 
cell performance standard deviations indicative of the repro- 
ducibility of the membrane/electrode assembly and stack manu- 
facturing processes, and the possibility to increase system power 
density and/or decrease system size. Other stack designs now 
available from Ballard would meet the space shuttle weight con- 
straint of a desirable 20 k W system. 

The lifetest results also indicate that the cell performance is af- 
fected over long periods of operation by one possible mecha- 
nism. There is a slight increase in mass transport loss which is 
consistent with previous reports [17]. Prom a mechanical point 
of view, the weakest stack component appears to be the seal 
which is subjected to oxidation. Further cell performance and 
reliability improvements ofPEMFCs operated with oxygen and 
hydrogen reactants will require work in these key areas. 

On the basis of the present work, which successfully demon- 
strated critical NASA requirements and identified the PEMFC 
as an excellent candidate for future space applications, the fol- 
lowing recommendations are made, which could form the basis 
of a subsequent test program: 

• Increase cell performance to allow operation at high cur- 
rent densities and high power densities without compro- 
mising heat rejection requirements 

• Investigate other more advanced stack hardware to ensure 
that the weight requirement is met 

• Confirm by more appropriate tests the product water pota- 
bility 

• Confirm the cause of the performance mass transport loss 
and develop associated mitigation strategies 

■ Identify and test more durable seal compositions 

• Consider new modes of operation (dead end, recircula- 
tion) 

• Determine die effects of lower purity fuel and oxidant re- 
actants 

a Design, build and test a complete 20 kW ground demon- 
stration system 
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Abstract 

For long-term operation of fuel cells the stability of all components is needed under extreme conditions. Especially the components in 
polymer electrolyte fuel cells (PEFCs) may show corrosion problems caused by the acid character of the solid electrolyte. One of the parts, 
which is commonly neglected, is the sealing material. Sealings are necessary for separating the gas compartments from the each other in 
order to avoid mixing of hydrogen and oxygen. A typical sealing material is silicone. 

Fuel cell components are characterized after operation in single cells under typi cal fuel cell conditions. After fuel cell operation frequently 
an alteration is visible on the sealing and the membrane parts which were in direct contact with each other. Those parts of the membrane, 
which were in contact with the sealing surface, became colored. Motivated by this observation membranes and sealings were investigated by 
scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX). In addition, electrodes and backings were investigated 
by X-ray photoelectron spectroscopy (XPS). 

With the XPS measurements of the electrodes operated in a silicone sealed cell, residues of the silicone were detected on its surface. This 
indicates that the decomposition products of the silicone seals have a high mobility. In SEM/EDX mappings, an enrichment of silicone 
residues on the platinum was observed. Therefore, the decomposition products may contribute to a poisoning of the catalysts and may also 
change the hydrophilic/hydrophobic characteristic of the electrodes. 
© 2003 Elsevier B.V. All rights reserved. 

Keywords: PEFC; Silicone; Sealing; Degradation; Scanning electron microscopy; Energy dispersive X-ray analysis; X-ray phofoelectton spectroscopy 



1. Introduction 

In the last decade worldwide energy consumption contin- 
ued to climb. It increased in the last decade by some 10% 
up to approximately 3.6 x 10 20 J in the year 1999. Accord- 
ing to the International Energy Agency's (IE A) World En- 
ergy Outlook, the global demand for primary energy will 
increase by 57% (corresponding to 2% a year) from 1997 
to 2020 at an annual economic growth of roughly 3%. The 
IE A anticipates an annual rise in global CO2 emissions be- 
tween 1997 and 2020 of almost 14 billion tons. This cor- 
responds to a total increase of 63% or 2,1% a year [1,2]. 
If this increase of consumption is maintained, fossil energy 
resources will be spent within a few generations and the 
problem of environmental pollution will become a key issue 
for the future of mankind. Therefore, the future of energy 
supply lies in renewable energy sources and developing new 
energy conversion technologies such as fuel cells. Due to 
then potential in converting chemical energy with high effi- 
ciency directly into electrical energy and their enviromnen- 
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tally friendly character, fuel ceils and especially the poly- 
mer electrolyte fuel cell (PEFC) have the chance to become 
a sustainable, resource-saving energy source for diverse ap- 
plications, e.g. for the mobile sector [3]. 

The modular design of a PEFC suggests that manufactur- 
ing will in future will be of low-cost and permits mass pro- 
duction. Recent improvements in fuel cell technology have 
led to a degree in development, which allows to envisage 
commercial fields. Within the next decades a successive re- 
placement of conventional energy conversion technologies 
is likely, even if certain technical obstacles remain still to be 
overcome. For long-term operation of fuel cells stability of 
all components is needed. At present, the status of fuel cell 
development can not guarantee sufficient life times of several 
thousands of hours for mobile or portable applications and 
several ten thousands of hours for statiouaiy applications. 
Therefore, the investigation of degradation mechanisms is 
a main topic in fuel cell research [4]. However, only a 
few publications exist concerning the investigation of degra- 
dation effects of polymer electrolyte membrane fuel cells 
[5-16]. 

One component commonly neglected in the research of 
degradation effects is the sealing material. In a PEFC seal- 
ings are necessary to separate the gas compartments from. 
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the each other and to avoid mixing of hydrogen and oxy- 
gen respectively. A faulty or inappropriate sealing leads to 
fuel losses and reduced voltage due to the formation of a 
mixed potential at the electrodes. Usually the resulting gas 
mixture can explode if the ratio of oxygen and hydrogen 
lies in a certain range. In a fuel cell, the hazard of an explo- 
sion is improbable due to the presence of the noble metal 
platinum. Platinum acts as a catalyst and stimulates the re- 
action of the fuel and the oxidant gas. But the heat of reac- 
tion of this catalytic combustion generates hot spots in the 
MEA. Thus, temperature rises until the membrane will be 
destroyed. The resulting holes enhance mixing of the gases 
that finally may lead to an open fire. Besides these safety 
aspects, it is also necessary from the manufacturer's point 
of view that the sealing materials should be easy to han- 
dle, low priced and chemically inert, even under the cor- 
rosive environment caused by the acid electrolyte and the 
chemical conditions. Typical sealing materials are fluorine 
caoutchouc, EPDM and silicone. 



2. Experimental 

2.1. Sample preparation 

For the experiments membrane-electrode assemblies 
(MEAs) with two different types of electrodes were used. 
The first one contains commercial electrodes purchased from 
E-TEK with 20 wt%. Pt/C and a Pt-loading of 0.4mg/cm 2 . 
The second one was a proprietary development prepared 
with the DLR dry spraying technique, hi contrast to typi- 
cally used preparation methods for commercial electrodes 
from a catalyst-containing suspension, the DLR manufac- 
turing way is a diy process avoiding solvents and compli- 
cated process steps and can fit to a fully automated mass 
production [17-22]. It is a consequent further development 
of the manufacturing technique for alkaline fuel cell elec- 
trodes [23-30], with a new deposition type of the powder 
mixture for the reaction layer. The resulting electrodes con- 
tained 20 wt.% Pt/C and a Pt-loading of 0.2 mg/cm 2 on each 
electrode. On each electrode E-TEK single sided backings 
were used as gas diffusion layers. In both cases the MEAs 
were prepared by hot pressing the electrodes (1.6 MPa, 
2min, 160 °C) onto a Nahoii® membrane (purchased from 
DuPont). The active area of each MEA was 4.8 x 4.8 cm 2 . 

2.2. Electrochemical experiments 

All electrochemical experiments were carried out in a 
23 cm 2 single cell. On the cathode side, a stainless steel 
electrode holder with moulded meander structures was used 
as gas distributor. The current collector on the anode had 
a flow-field with a chocolate wafer structure which was di- 
vided into 4x4 quadratic segments of stainless steel. By 
means of this device, the value of the current which is gener- 
ated in a certain region of the membrane electrode assembly 



was recorded separately for each segment, so that the MEAs 
can be characterized by V—I curves and local current densi- 
ties. At DLR, the segmented cells are used for the investi- 
gation of hydrogen supplied polymer electrolyte membrane 
fuel cells as well as for the investigation of direct methanol 
fuel cells (DMFC). More details of this device can be found 
in [31]. Between the membrane electrode assembly and the 
segmented cell, a sealing of silicone-red® was used for sep- 
arating the gas compartments against the environment. On 
both sides of the MEA, silicone sealings were used. 

The cells were fixed in test setups which were developed 
for automatic, continuous and safety controlled operations 
with hydrogen and oxygen or air. These facilities allow the 
variation of the operating conditions in a wide range of pa- 
rameters [2 1,3 1,32]. In our experiments the cells operated in 
the dead-end-mode at a temperature of 80 °C with pure hy- 
drogen and oxygen (H2 5 . 0 and O2 4. 8 , Messer Griesheim) at 
2.0 bar absolute. Both gases were not humidified. The anode 
side was purged by opening the outlet valve with pulses of 
0.5 s every 900 s. On the cathode side, the outlet was opened 
for 0.5 s eveiy 120 s at the beginning. Later on, the intervals 
were extended to 240 s. For the start-up, the MEAs were 
humidified by an injection of liquid water directly into the 
test-cell. The cell voltage was 500 mV. Under these condi- 
tions, the cathode became flooded over the operational time. 

2.3. Physical characterization 

Hie different fuel cell components were characterized af- 
ter operation. 

After preparation and electrochemical stressing by fuel 
cell operation, the MEAs were investigated by scanning elec- 
tron microscopy (SEM) [33] combined with energy disper- 
sive X-ray spectroscopy (EDX) [33], X-ray photoelectron 
spectroscopy (XPS) [33] and porosimetiy (with mercury 
intrusion) [34,35]. For the SEM and EDX measurements, 
a Zeiss Gemini microscope (LEO) was used in combina- 
tion with a NORAN VOYAGER 3000 EDX-detector. This 
SEM allows high magnification imaging at low and high 
beam voltages (1-30 keV). The SEM and EDX measure- 
ments were performed on the backside surface as well as on 
cross sections of the MEAs. 

The XPS measurements were performed in a XSAM 800 
(Kratos). The XPS equipment is described in more details 
in [36]. XPS yields information about the chemical com- 
position of the surface and the method shows a veiy high 
surface sensitivity. In contrast, EDX has a low surface sen- 
sitivity and yields information about the bulk composition 
of the volume close to the surface. SEM yields informa- 
tion about the surface structure and gives information about 
the bulk character. The used XPS does not allow to inves- 
tigate the samples with a high lateral resolution, the pos- 
sible resolution amounts to a few mm 2 ; therefore, no XPS 
investigations on cross sections were performed, but only 
the electrode surfaces, reaction layers and backings, as well 
as the membrane surface of the MEAs, 
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3. Results and discussion 

After an operational time of several days, a leakage test 
showed that the mechanical function of the silicone sealings 
still remain. After these tests, the fuel ceils were opened and 
the different pails of them were examined. At first, it can be 
noticed that the sealings always stuck on tire Nation® mem- 
brane and an alteration of those membrane areas which were 
in direct contact with the sealings was visible. Those parts 
of the membrane surface became colored yellow, which in- 
dicates a chemical reaction of the sealing material. A ther- 
mal change of tire sealing could be excluded, because their 
range of application was from —90 up to 250 °C according 
to the manufacturers specification. 

Motivated by the change of the sihcone appearance, the 
ME A was studied with different physical methods to inves- 
tigate alterations in the structure and in the chemical com- 
position. On the cathode backside, numerous particles were 
visible. The particles were imaged with optical and scan- 
ning electron microscopy. The particle sizes are in the range 
of below 1 u.m to few hundred jxm. Different forms of the 
particles were observed; compact particles, which were de- 
termined by EDX as platinum oxide shown in [37] and more 
structured particles. 

Fig. 1 shows a photography of the MEA taken with a light 
mici'oscope. The displayed area is approx. 5.5 x 3.9 mm 2 , 
The bright region at the left upper corner shows the mem- 
brane, below the diagonal in the figure the cathode backing 
is displayed. On the cathode backing, bright domains can 
be observed. Thus, depositions were observed on the whole 
cathode backing. On the anode backing, no particles were 
visible by light microscopy. 

Fig. 2 shows a SEM image of such a structured particle. 
The first explanation for particles on the cathode backside 



would be a kind of impurities, but the displayed particle has 
a form like a crumpled foil and such a form of a particle is 
untypical for dust 3 abrasion or similar impurities. Therefore, 
the particles were investigated by EDX. In the EDX anal- 
ysis silicon and oxygen were determined as main compo- 
nents. Silicon oxide particles in the form of sand (crystalline 
structure) as well as in form of glass (amoiphous structure) 
typically have a different particle shape. In addition, if the 
particles were abrasion fragments of the silicone sealing, 
similar particles should also be found on the anode side, 
which was not case. Therefore, the displayed particle seems 
to b e a separated part of the silicone sealing or is formed 
by a reaction with decomposition fragments of the silicone 

— - _ ^ ■ m 

sealing, A significant concentration of carbon and fluorine 
ixTthe particles was not observed. In the carbon mapping, 
the structure of the carbon cloth is shadowed by the parti- 
cle. From the silicon, oxygen, carbon and fluorine signal, it 
cannot be distinguished if the particle is a fragment of the 
sealing or a decomposition product In addition to the silicon 
and oxygen, some platinum can be detected. The platinum 
in the particle is observed in the edges of the investigated 
particle. The platinum decoration of the edges indicates an 
alteration in the electrodes. The mobility of platinum and its 
agglomeration inPEFC electrodes is a known effect [37,38], 
where the platinum migrates in the direction from the anode 
to the cathode [37]. 

The particles on the cathode backing are distributed over 
the complete area. Consequently^ the decomposition prod- 
ucts from the silicone sealing must be mobile. 

On the anode backing no particles, neither platinum ox- 
ide [37] nor the silicone-containing particles could be ob- 
served. Two different hypotheses allow to explain why no 
silicon is observed on the anode backing: on the one hand, 
the decomposition components of the silicone move in the 
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Fig. 1. Photography or membrane electrode assembly made by a light microscope on the cathode backing. The displayed area is 5,5 x 3.9 mm 3 



M. Sdmke et al /Journal of Power Sources 127 (2004) 222-229 



225 




Fig. 2. SEM micrograph of a particle of the backside of the cathode backing after fuel cell operation (a) and the corresponding EDX mappings for 
carbon (b), fluorine (c), silicon (d), oxygen (e) and platinum (f). The imaged area is 460 x 460 }im 2 . 



same direction as the platinum; possibly the driving force 
for the mobility is the electrical field for both. On the other 
hand, the reaction conditions on anode and cathode differ 
extremely; therefore, it is possible drat the silicone sealing 
decomposes only on the cathode side. Which explanation 
is correct cannot be derived from these investigations on 
the reaction layer. Therefore, additional measurements are 
needed. 

In an independent XPS investigation on the reaction layer 
surface of a used commercial electrode applied as anode in 
the reaction layer silicon was detected (Fig, 3). Also, in this 
case 3 silicone red® was used as sealing material for the cells. 
For the XPS analysis of used electrodes using commercial 
electrodes j there is the advantage that the electrodes can be 
better separated from the membrane electrode assemblies 
after operation. This is due to die preparation technique; the 
commercial electrodes are manufactured as self contained 
units; in contrast the reaction layers prepared with the DLR 
dry spraying technique [20,21,39] are fixed on the membrane 
and cannot be separated. The XP spectrum is dominated by 
the carbon, oxygen and fluorine signal. The platinum cata- 



lyst in the commercial electrodes is covered by a polymer 
film [21,40]. Additionally, the signal of silicon, enlarged in 
Fig. 3, was observed. This jsa s econd indicator for a high 
mobility o f the silicone decomposition products. Combining 
the high rnobili tv of the silicone decomposition fragments 
aluTthelrt fraction between t hese and the platinum catalyst^ 
poisoningof the catalyst becomes more likely. 

Furthermore, the sealings have a hydrophobic char- 
acter. Therefore, the decomposition products could also 
be hydrophobic and may change the wetting behavior 
of the electrodes, which is determined by die content of 
polytetrafluoro-ethylene PTFE [41], The influence of the 
silicone decomposition fragments on the wetting behavior 
of the electrodes cannot be determined, because the PTFE 
in the electrodes is also changed by the electrochemical 
stressing due to fuel cell operation [42]. 

The silicon in the anode reaction layer is a clear indicator 
that the silicon decomposition fragments move in the same 
direction as the platinum — from the anode backing in the 
direction to the cathode backing. In addition, the XPS mea- 
surements show clearly that the silicone on the anode side 



226 



M. Scimlze el aU Journal of Power Sources 127 (2004) 222-229 



3 

■ 

< 

C 




1000 



600 

binding energy / eV 

Pig. 3. XP spectmm of an used electrode (The Si2p-region is enlarged). 



decomposes, too. An alternative explanation for the silicon 
on the anode reaction layer conld be given, if the silicone de- 
composition products migrate from the cathode side through 
the membrane to the anodic reaction layer. This should be 
excluded because no silicon was detected on the cathodic 
reaction layer as well as no silicon was observed in the 
membrane (see below). Therefore, the silicone decomposes 
also on die anode side, this means, the reaction conditions 
are not the reason why the silicon-containing particles are 
only observed on the cathode backing and not on the anode 
backing. Therefore, it can be concluded that the movement 
of the silicone decomposition fragments is not induced by 
the different reaction conditions on anode and cathode, but 
is induced by a directed movement of the silicone decom- 
position fragments. 

In order to get more information about the movement of 
the silicone decomposition fragments and the commonly ob- 
served platinum and silicon a cross section of the used DLR 
MEA operated with silicone red® as sealing material was 
investigated by SEM and EDX (Fig. 4). Fig. 4a and b show 
the SEM micrographs imaged with back-scattered electrons 
and with secondary electrons. Using the back-scattered elec- 
trons for the imaging, the contrast is determined by the dif- 
ference in the efficiency to back-scatter electrons. Heavy 
elements are displayed brighter than light elements in this 
imaging mode. If the secondary electrons are used for the 
imaging, the contrast is determined by the differences in the 
electron work function. In addition, the secondary electrons 
are detected in a high angle to the sample normal, there- 
fore, the shadowing effect yields a more steric impression. 
In both imaging modes, die platinum is displayed bright and 



the membrane is displayed dark. The thickness of the mem- 
brane is approximately 90 jxm. 

In the EDX mapping, carbon is detected in the electrodes, 
while the carbon concentration in the membrane is signifi- 
cantly lower. The fluorine is bound in the polymers, PTFE 
and Nafion®. Consequently, the fluorine concentration is 
maximum in the polymer electrolyte membrane and the hy- 
drophobic layer. The electrolyte membrane also contains a 
significant concentration of sulfur. The platinum is concen- 
trated in the reaction layer as expected. Very interesting is 
die distribution of the silicon in the cross section. The de- 
composition products of the silicone sealing could only be 
found on the reaction layer of the anode whereas the cath- 
ode reaction layer remains silicon-free. Only particles con- 
taining silicon are found in the cathode backing. 

The electrolyte membrane contains oxygen and sulfur. 
In addition, the oxygen of the air can oxidize the catalyst 
in the reaction layers after operation and separation of the 
membrane electrode assemblies from the fuel cell. Conse- 
quently, oxygen is found in the reaction layer and in the 
membrane. The oxygen concentration in the anode reaction 
layer is higher than in the cathode reaction layer. In addition, 
a high oxygen concentration is found in the silicon contain- 
ing particle in the cathode backing. Both, the higher oxygen 
concentration in the anode reaction layer and the oxygen in 
the silicon particles, show that oxygen is found accompa- 
nying the silicon — this means the silicon is in an oxidized 
form. 

In the membrane, no silicon is observed. Consequently, 
the transport of the silicone decomposition fragments in the 
membrane and in the electrode must be completely different. 
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Fig. 4. SEM micrograph and EDX-mappings of a MBA cross section; (a) SEM micrograph image with back- scattered elections; (b) imaged with the 
secondary electrons, (c-h) EDX mappings for the elements: (c) carbon, (d) fluorine, (e) sulfur, (f) platinum, (g) silicon and (h) oxygen. The imaged area 
is 190 x 190 n,m 2 . 



If the transport in the membrane were to would be fast, a 
low silicon concentration in the membrane is possible, but in 
the cathode reaction layer silicon should also be observable. 
Therefore, the absence of the silicon in the membrane is 
effected by the hindering of the diffusion into the membrane 
from the electrode side. Consequently, it can be concluded, 
that the Nation® membrane is a diffusion barrier for the 
silicone decomposition fragments. 

The combined appearance of silicon and platinum espe- 
cially in the EDX analysis of the particles on the cathode 
backing indicates that an attractive interaction between plat- 
inum and the silicone decomposition fragments exists. The 
attractive interaction could be the cause for the directed 
movement of the silicone decomposition fragments, because 



the silicone fragments follow the moving platinum, but in 
this case also silicon should be detected in the cathode re- 
action layer. Therefore, most likely for the movement of the 
silicone decomposition fragments a directed driving force 
exists like tiiat for the platinum migration. 

A risk for fuel cells is that the probability of a poison* 1 ^ 
ing of the platinum catalyst increases due to the attractive 
interaction. The poisoning of the catalyst is more critical in 
the anode than in the cathode, because for the silicone de- 
composition fragments die driving force yields a migration 
away from the cathode reaction layer. 

In addition to a poisoning of the catalyst, the silicone de- 
composition fragments may change the wetting behavior of 
the electrodes. On the anode side, mainly the reaction layer 
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is influenced; on the cathode side, mainly the gas diffusion 
layer. In both electrodes, the transport processes will be in- 
fluenced by the decomposition of the silicone. Caused by 
the barrier function of the polymer electrolyte membrane, 
the silicone decomposition fragments will be enriched on 
the interface between the membrane and the anode reaction 
layer. This will increase the transition resistance, whereas 
the problem is more critical in ME As with self-contained 
electrodes assemblies than in ME As with reaction layers di- 
rectly fabricated onto die membrane, because the transition 
resistance between electrode and membrane is higher using 
self-contained electrodes and therefore, the migration of die 
ions in the interface zone is enhanced, which is also observed 
for the platinum [37]. In any case, the silicone decomposi- 
tion fragments in the electrodes as well as the enrichment 
in the interface between membrane and anode should influ- 
ence the media transport in the electrodes and should effect 
the behavior near the limiting cun'ent. During the opera- 
tional time of the tested MEA here the electrochemical per- 
formance did not change significantly, the behavior near the 
limiting current was not investigated. 

4. Conclusion 

If searings fabricated of siiicone-red® are used for fuel 
cell opera tions, they are subjected to a degradation process. 
This decomposition proceeds at both electrodes. Therefore, 
the different conditions in tire two gas compartments, the 
oxidizing environment at the cathode side the reducing one 
at the anode side of the membrane electrode assembly, can- 
not be the cause for that reaction. Most likely, the acid char- 
acter of the polymer electrolyte membrane in combination 
with the thermal stressing of the sealing material induces die 
alteration, even if the mechanical function of silicone seal- 
ings remains. Hence, the sealings stick on bodi sides of die 
membrane which leads to the observed coloration to yellow. 

The products of this reaction have a high mobility and try 
to move from the anode to the cathode forced by the elec- 
trical field. On the anode side, the fragments of the sealing 
material diffuse from the edge of the MEA to the reaction 
zone, on the cathode they get to the backside of the gas dif- 
fusion layer, where they are able to react with the catalyst, 
forming particles containing silicon, oxygen and platinum. 
The Nation® membrane itself is a barrier for the different 
decomposition products and remains silicon-free, so that the 
fragments have to accumulate in the reaction layer of the 
fuel cell's anode. 

This accumulation of silicone decomposition products 
may change the wetting character of the electrodes, the wa- 
ter balance of the cell and finally the mass transfer within 
both electrodes due to the wetting behavior of silicone which 
is different from that of electrode materials, Especially if 
there is an alteration of the water balance in the cathode 
due to silicone, this may strongly change the electrochem- 
ical behavior and requires an adaptation of the operation 



conditions to die changed cathode character. Furthermore, 
the platinum catalyst of the anode can be poisoned due to 
an interaction of the noble metal to the silicone fragments. 
Impedance studies on MEAs have shown, that the contribu- 
tion of the anode towards the total impedance usually can 
be neglected [43], According to this result, a distinct change 
of the anode's condition should effect the behavior and the 
performance of the MEA close to the limiting current, 

A lot of different degradation processes, agglomeration of 
the catalyst [37], changes of PTFE [42] and so on, proceed 
simultaneously. So, it is impossible to quantify the influ- 
ence of the individual degradation effects separately at the 
present state of knowledge. Therefore, further investigations 
of degradation processes are necessary. 
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Abstract 

The proton ic conductivity of 
the polymer electrolyte 
membrane (PEM) in the 
PEM fuel cell is critical to the 
overall power density of the 
fuel cell system. The 

conductivity can be 

influenced by the presence 
of impurity cations in the 

x 

. membrane . By the use of 
electrochemical impedance 

I spectroscopy with 

i 
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! microelectrodes, the local ; 

j r 

i conductivity of Nation 

> i 

; membranes, which had been 

t ; 

I exposed to part per million 
| (ppm) concentrations of 

impurity cations, was 

evaluated. Inorganic impurity 

cations studied included 

Cu 2+ , Fe 3+ , Na + and Ni 2+ 
Membranes were immersed 

in sulphate salt solutions of 

these cations, prepared in 

distilled water. Conductivity 

values at 0. 1 , 1 and 1 0 ppm 

cation impurity level were 

found to vary little from 

values for the blank solution. 

However at 100 ppm, a 

significant decrease in 

conductivity was observed. 

At this higher concentration 

of impurity, the Ni 2+ and 

Cu 2+ contaminated 
membranes displayed lower 

conductivity than that 
contaminated by Na + . 
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Meanwhile Fe° 
contaminated membrane 

had the lowest conductivity. 

That this decrease in 

conductivity was greater for 

cations of higher valence 

corresponds with the high 

affinity of the sulphonic acid 

sites in Nation to multivalent 

foreign cations. The results 

illustrate the detrimental 

effect of small amounts of 

contaminants on conductivity 

in Nafion membrane. 

Keywords: Conductivity; 
Polymer electrolyte 
membrane; Impedance; 
Microelectrode; Cation 
contamination 
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Abstract 

Implementation of polymer electrolyte fuel cells (PEMFCs) for stationary power applications requires the demonstration of reliable fuel cell 
stack life. One of the most critical components in the stack and that most likely to ultimately dictate stack life is the membrane electrode assembly 
(ME A). This publication reports the results of a 26,300 h single cell life test operated with a commercial MEA at conditions relevant to stationary 
fuel cell applications. In this experiment, the ultimate MEA life was dictated by failure of the membrane. In addition, the peif ormance degradation 
rate of the cell was determined to be between 4 and 6 lt-VIT 1 , at the operating current density of 800 mA cm -2 . AC impedance analysis and DC 
electrochemical tests (cyclic voltammetry and polarization curves) were performed as diagnostics during and on completion the test, to understand 
materials changes occurring during the test. Post mortem analyses of the fuel cell components were also performed. 
© 2005 Elsevier B.V. All rights reserved. 

Keywords; Polymer electrolyte fuel cells; Life test; Stationary fuel cells; Fuel cell diagnostics; AC impedance; Cyclic voltammetry 



1, Introduction 

Over the last decade, polymer electrolyte membrane fuel 
cells (PEMFCs) have received ever growing interest resulting 
in significant technological advancement, especially in areas 
of increasing power density and decreased materials utiliza- 
tion, with the advent of thin membranes [1] and reduced pre- 
cious metal catalyst loadings [2]. PEMFCs have gained interest 
for many potential power source applications, including bat- 
tery replacements for portable devices, automotive traction as 
replacement for the internal combustion engine and in stationary 
power generation. The cost targets and technology requirements 
facing the PEMFC seem exceedingly daunting to overcome 
before wide spread commercial automotive markets [3] are pos- 
sible. As portable power sources fuel cells need to achieve higher 
power density to compete as battery replacements in the most 
attractive high- volume consumer markets (powering devices, 
such as cell phones, PDA and laptops) [4]. In contrast, it has 
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been argued for many years that there may be fewer barriers to 
market entry for PEMFCs as stationary power plants [5], For 
this application, systems cost targets are much less demanding 
than automotive, fuel is widely available (storage and infrastruc- 
ture are not a problem) and typically volumetric and gravimetric 
constraints are not critical, allowing the fuel cell to be operated 
at favorable conditions. 

Stationary fuel cell power plants are attractive, as they offer 
the potential of higher efficiency and lower greenhouse gas emis- 
sions, than available technologies and may be cost-competitive 
with grid power in areas where the cost of electricity is expensive 
relative to natural gas. Alternatively, fuel cells may be preferred 
where grid connection is not practical or does not offer reliable 
power. 

The key to the commercial implementation of stationary fuel 
cell systems is the demonstration of reliable long life. In fact, 
it is generally recognized that a cost-effective stationary fuel 
cell power plant requires the fuel cell stack life expectancy to 
exceed 40,000 h. The critical component of the fuel cell, and 
the component tiiat is most likely to dictate stack life, is the 
membrane elecnode assembly (MEA). Until very recently, there 
was very little publicly available data demonstrating extended 
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operational life of PEMFCs, and also few publications report- 
ing the mechanisms of MEA performance loss and failure after 
extended operation. This is probably because much of this activ- 
ity has been confined to the industrial sector. However, in recent 
years, there has been a significant increase in publicly available 
data, as a result of increasing academic activity and an increas- 
ing willingness of industrial organization to publish. Several 
recent reviews have compiled many of the literature publica- 
tions referencing PEMFC durability [6], and ionomer membrane 
degradation [7]. 

The longest PEMFC demonstration that we are aware of in 
the open literature was a 60,000 h life test reported by GE in 
1979 [7-9]. This GE stack module was operated with pres- 
surized hydrogen/oxygen and used MEAs based on NAFION® 
120 membrane (250 \im thick). The limited post mortem data 
reported from this test demonstrated the tensile properties of 
the membranes had deteriorated, while the BET surface area 
of tire catalyst was not changed. St-Pierre and Jia [10] more 
recently reported extended operation for a hydrogen/oxygen 
stack, with a voltage decay rate of less than 2[xVh _1 in 
1 1,000 h of operation without failure, Kinetic, ohmic and trans- 
port losses in the stack over its life were monitored. The diag- 
nostics and post mortem analysis reported the primary cause 
for power loss was increased mass transport over-potential, this 
was attributed to an increased hydrophilicity of the gas diffusion 
media. 

Within the last several years there has been a proliferation 
of publications reporting several thousands of hours of single 
cell and short stack life, presumably using much thinner mem- 
branes and lower catalyst loadings (the MEA characteristics are 
not always disclosed) than the early GE stack. Several notable 
examples include single cell demonstrations performed at Osaka 
gas [1 1], some of which have exceed 17,000 h life with voltage 
decay rates of less than 5 jjlVIi -1 , operating with reformats fuel 
[12,13]. Fuiji Electric Co. Ltd. reported 10,000 h of hydrogen 
operation [14] in a single cell and reported over 15,000 h, with 
no significant voltage decay at 0.4 A cm -2 for a 45-cell stack. 
In addition, Wilkinson and St-Pierre of Ballard [6] have pub- 
lished results of a series-of-life tests operated with reformate 
fuel in short stacks, the longest of which has exceeded 13,000 h 
without failure, with a reported voltage decay rate of 0.5 [jlV h _ 1 
[15]. 

There is also a growing body of literature outlining various 
in situ elecu-ochemical methods [16,17] and ex situ analytical 
techniques [18-21], which can be employed to characterize 
MEAs either during life testing or upon failure, to understand 
MEA and fuel cell degradation mechanisms. However, there 
are very few examples of publications that deploy the known 
analytical techniques to understanding changes occurring in 
the MEA during extended life testing. In this publication, we 
report results of what we believe to be the longest single cell 
fuel cell life test operated with a commercial MEA and the 
associated diagnostic results which were used to understand 
materials changes occurring during the test. This MEA has 
both membrane thickness and precious metal loading con- 
sistent with meeting the cost targets for stationary fuel cell 
applications. 



2. Experimental 

This publication focuses on the results obtained from die 
operation of a single cell PEMFC life test, which was operated 
under continuous load for 3 years (over 26,000 h), the diagnos- 
tics performed dining the course of the life test, and the post 
mortem analysis performed on the components on completion 
of the test. 

The life test was performed in 25-cm 2 single cell hardware 
(Fuel Cell Technologies, Albuquerque, NM). Anode and cath- 
ode flow fields, were both triple channel serpentine designs 
machined into graphite (POCCO graphite) and were assem- 
bled in co-flow orientation. The cell was assembled with a 
Gore PRIMEA® Series 5621 MEA; based on a 35 |xm GORE- 
SELECT® membrane with a cathode loading of 0.6 mgp t cm -2 
and an anode with Pt-Ru alloy loading of 0.45 mgcnr 2 . Gore 
CARBEL™ CL gas diffusion media was used on both anode 
and cathode sides of the cell 1 . An incompressible silicone coated 
fiberglass gasket (CHR-furon) was used on either side of tire 
membrane to provide cell sealing. A second thin incompress- 
ible gasket, referred to as a sub-gasket, was placed between die 
MEA and gas diffusion media to define the cell active area of 
23 cm 2 . The gasket arrangement was chosen and cell assembly 
was performed such that the average active area compression 
was approximately 150 psi (the assembly pressure was pre- 
determined using PRESSSUREX pressure sensitive paper from 
Sensor Products, Inc., NJ). The eight lubricated bolts of the cell 
hardware were torqued to 45 in lbs per bolt. 

Reactanthumidihcation, gas flow rate, back-pressure and cell 
temperature were all controlled from a fuel cell test station (Glo- 
betec, now Electrochem, Boston, MA). Daring dre 3 years of 
continuous operation of the life test, the cell temperature was 
controlled at 70 °C, the outlet reactant pressures were maintained 
at ambient pressure, reactants were stoichiometrically controlled 
and the reactants were saturated at cell temperature. It is very 
important to highlight that significant effort was given to control- 
ling the reactant inlet relative humidity to 100% RH. To prevent 
liquid water from entering the fuel cell, liquid water traps were 
used and the reactant gas lines into the fuel cell were heated a 
few degrees above the cell temperature. Several times during the 
experiment the test was stopped and the test station re-calibrated. 
Current, voltage and cell resistance (by current interrupt) data 
were collected as a function of time, over the entire length of 
the test using a computer controlled Scribner electronic load 
(Scribner and Associates, Southern Pines, NC). 

Much of the first 3000 h of this life test were performed 
with a simulated reformate fuel of composition: 43% nitrogen, 
17% carbon dioxide, 50ppm carbon monoxide and a balance 
of hydrogen. In addition 4% air bleed was used to mitigate the 
effects of CO poisoning. The detailed description of this data is 
the subject of another publication [22]. However, tire remaining 
23 ,000 h, and therefore the majority of this life test, was per- 
formed with pure hydrogen fuel (99.999% hydrogen). Filtered, 
compressed and dried air was used throughout the test. 



1 GORE, CARBEL, GORE- SELECT, PRTMEA and designs arc trademarks 
of W.L. Gore & Associates, Lie. 
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The life test was operated continuously at constant current 
of 800 mA cm" 2 . The life test was interrupted approximately 
every 500 h to perform in-cell electrochemical diagnostics in a 
systematic manner. To interrupt the test, the load was discon- 
nected and reactant flows stopped. The cathode compartment 
of the fuel cell was switched to fully humidified nitrogen flow. 
Once the open cell voltage (OCV) had reached a steady-state 
value of less than 100 mV, cyclic voltammetry and electrochem- 
ical hydrogen cross-over measurements were performed on the 
cell. Once these diagnostics had been completed the cell was 
returned to the hydrogen/air life test operation at constant cur- 
rent, 800 mA cm -2 . After several hours operation, a polarization 
curve was performed under voltage control. Upon completion of 
the life test, more extensive in-cell diagnostics (AC impedance 
[23]) and out-of-cell diagnostics were performed to try to fur- 
ther elucidate material changes that may have occurred during 
the extended operation of this fuel cell 

In order to understand MEA integrity and performance decay 
in operating fuel cells, we have found it extremely valuable to 
identify and define the following terms [24]: 

2.1. Reliability 

MEA reliability failure is typically defined as either inability 
of the MEA to operate in a stack or single cell at start-up, or a 
short-term (less than 100 h) membrane failure. MEA reliability 
may be associated with the use of defective MEAs, or the result 
of poor cell or stack design or assembly, causing MEA short- 
ing, puncturing or "burn-through" MEA reliability problems are 
addressed with attention to MEA manufacturing quality, proper 
handling, and effective cell or stack design, and are not the dis- 
cussed in this publication. 

2.2. Durability 

The overall cell performance decay rates, measured during 
continuous and uninterrupted operation, is the sum of both sta- 
bility and durability decay rates. The durability decay rate is 
defined as the unrecoverable portion of this total decay rate. This 
is measured from comparing cell performances in polarization 



curves as a function of time (or comparing cell performance 
after recovery techniques). Durability decay rate is a result of 
irreversible materials changes occurring in the cell (i,e. loss in 
electiochenrical surface area or carbon corrosion, etc.)- 

2,3. Stability 

The stability decay rate is the recoverable function of the 
power loss observed during continuous operation, The stability 
decay rate is calculated by subtracting the durability decay rate 
(i,e. the portion that was not recovered from performing polar- 
ization curves) from the total decay rate. MEA performance 
lost as a result of stability decay is typically concerned with 
non- steady-state behavior and is associated with sensitivity to 
operating conditions (water management) and reversible mate- 
rials changes. 

3. Results and discussion 

3>L Life test operation 

The cell voltage, iR compensated cell voltage and cell resis- 
tance for the entire 26,300 h life test as a function of time on load 
operated at constant current, 800 mA cm -2 are shown in Fig. 1. 
The initial performance of this cell operated on hydrogen was 
0.65 V at 800mAcm~ 2 , upon completion of the test the per- 
formance had declined to approximately 0.54 V. This is a total 
voltage loss of 1 10 mV in 26,300 h and corresponds to an overall 
voltage decay rate of 4.2 x 10" 6 Vh -1 (or 4.2 uAHi -1 ), A lin- 
ear regression fitted through the voltage data at 800 m A cm -2 for 
the hydrogen fueled operating period of the experiment (from 
3000 to 26,300 h) produced an overall voltage decay rate of 
6.4 jjLVh -1 . Both of these overall decay rates are examples of 
what we have defined as a durability decay rate, as the cell 
performance was periodically recovered by performing in-cell 
diagnostics (discussed below). 

It can also be ascertained from Fig. 1 that the measured resis- 
tance for die cell is observed to undergo very little overall change 
during the life of the test, actually decreasing from approxi- 
mately 82mQcm 2 to approximately 68mf2cm 2 in 26,300 h. 
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Fig. 1. Cell voltage, iR compensated cell voltage and cell resistance as a function of hours on load operated at constant current, 800 mA cm 2 for the entire 26,300 h 
life test. Cell temperature 70 °C. Air: 2.0x stoichiameuy, ambient pressure, 100% RH. Hydrogeo: 1.2 x stoichiometry, ambient pressure and 100% RH. 
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This change is expected to result in an 1 1 mV increase in perfor- 
mance at 800 mA cm -2 . It is, therefore, evident that the source 
of voltage decay apparent in the test cannot be accounted for by 
an increase in membrane resistance. This is confirmed by the iR 
corrected voltage decay rate matching the decay rate of the raw 
voltage data (also shown in Fig. 1). 

One characteristic of this test, worth further comment, is the 
saw-tooth behavior of the voltage trace over the length of the 
life test, with a typical periodicity of approximately 500 h. The 
peak in the saw-tooth co-insides with re-starting of the test fol- 
lowing interruption to perform fuel cell diagnostics. This result 
demonstrates that interruption of the life test and performance of 
electrochemical diagnostics provides recovery of the cell volt- 
age. The cell voltage again typically decays upon re-starting the 
fuel cell under load after completion of diagnostics. To illus- 
trate the effect of the diagnostics typical detailed voltage/time 
plots at two different periods in time are shown in Fig. 2a and 
b. The examples demonstrate that interruption of the test to per- 
form diagnostics recovered cell performance by approximately 
80 mV (Fig. 2a , from 7300 to 9000 h) and approximately 40 mV 
(Fig. 2b, from 20,300 to 21,700 h). This corresponds to stability 
decay rates of approximately 140 and 40 u,Vh -1 , respectively. 
It is believed that MEA performance decay, resulting from cell 
instability, was typically the result of non-steady- state behavior, 
and therefore by definition, was fully recoverable. MEA stability 
is associated with the MEA's sensitivity to operating conditions 
(i.e. water management) or reversible material changes (such as 
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Fig. 2, Detail of cell voltage and cell resistance as a function of time on 
load operated at constant current of 800mA cm -2 for (a) 7390-8890 h and 
(b) 20, 170-21 ,670 h. Cell temperature 70°C. Air: 2.0x stoichiometry, ambi- 
ent pressure, 100% RH. Hydrogen: 1.2x stoichiometry, ambient pressure and 
100% RH. 



formation of formation of Pt oxides, adsorption of poisons or an 
increase in oxygen transport resistance as a result of formation 
of liquid water barriers). The stability decay rate between recov- 
eries can be quite variable, and is also relatively high, compared 
to the reported durability decay rate. The data plotted in Fig. 2a 
and b also indicates that although there is a concurrent saw-tooth 
behavior in the measured cell resistance, it cannot account for 
the magnitude of the voltage changes observed. 

3.2. In fuel cell diagnostics 

There is always a trade-off when designing fuel cell life test 
experiments as to the value of operating the test with or without 
interruption to perform diagnostic experiments. Of course oper- 
ation without periodi c diagnos tics is more likely to approach cell 
operation in the application. However, when starting this exper- 
iment, there were very few publications reporting the effects of 
long-term operation on the materials within the cell. Therefore, 
it was our philosophy in this life test to perform diagnostics in 
order to maximize our learning from this experiment. 

3.2. L Cyclic voltammetry 

The life test was interrupted every 500 h (later in the test, the 
uninterrupted period of operation was increased to every 1000 h) 
of load operation to perform diagnostics. First cyclic voltamme- 
try was performed with the fuel cell cathode as the working 
electrode. Three complete voltage scans from 10 to 1200 mV 
(using the hydrogen electrode as the counter and reference) were 
recorded at lOOmV s -1 > the results of the third scan at various 
selected periods in time are compiled in Fig. 3. The voltammetry 
scan at 0 h was typical of those recorded for fuel cell electrodes, 
and the description of the various peaks is reported elsewhere in 
the literature [16]. As the life test progressed, the charge associ- 
ated with platinum oxide formation and reduction, was observed 
to decrease, while the double layer capacitance charge shows a 
slight increase. It is also important to comment that there is no 
evidence for additional or unexpected peaks developing in the 
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Fig. 3. Cyclic voltammetry recorded at 0, 1000, 5348, 10,000, 15,000, 20,000 
and 26,334 h during tire life test. Voltage scan between limits 10 and 1200mV 
at a potential scan rate of 100 mVs _I . Cell temperature 70 °C. Working elec- 
trode (fuel cell cathode) 50mlmiir _l nitrogen, ambient pressure and 100% RH. 
Secondary and reference electrode (fuel cell anode): 50 ml mm -1 hydrogen, 
ambient pressure, 100% RH. 



450 



SJ.C. Cleghom etal /Journal ofPow Sources 158 (2006) 446^54 




— 0 hours 
1000 hours 
534B liou/s 

— 1DO0O hours 
— 15000 hours 

— 20000 hours 
2&331 hours 



100 ZOO 300 

Cell potential / mV 



400 



Fig. 4. Detail of cyclic voltammetry in the hydrogen region during the Jife test 
(see Fig. 5 for details). 



voltammetry during the test, which might indicate the introduc- 
tion of adsorbed electro-active poisons at the cathode electrode. 
The primary motive for performing cyclic voltammetry during 
this life test was to quantitatively monitor the change in elec- 
trochemically active area (ECA) of the cathode, by measuring 
the charge associated with hydrogen adsorption and desorption 
(Fig. 4). In our experiments at Gore, we have been much more 
successful at quantifying ECA from the hydrogen oxidation 
peaks of the voltammetry (compared to hydrogen desorption). In 
this experiment, the apparent charge associated with the hydro- 
gen oxidation region does not significantly change throughout 
the 26,30011 life test (Fig. 5, total hydrogen oxidation charge). 
However, further analysis of the data indicates that a large oxi- 
dation peak developed at 80 mV (see scans at 5000, 10,000, 
15,000 and 20,000 h in Fig. 4). This peak, at approximately 
80 mV> is likely to be associated with oxidation of molecular 
hydrogen, formed on the reverse scan in the voltamogram. By 
curve fitting, the charge for molecular hydrogen oxidation was 
estimated in each voltammogram, and then subtracted from the 
total charge measured in the hydrogen region. Fig. 5 shows the 
total charge measured in the hydrogen region, the estimated 



charge associated with molecular hydrogen oxidation and the 
charge calculated for oxidation of adsorbed hydrogen (or ECA) 
as a function of time. As commented before, the total hydrogen 
oxidation charge does not change significantly within the test. 
Interestingly, the fitted molecular hydrogen oxidation charge 
appears to increase to a maximum at approximately 15,000 b, 
after which the data becomes quite noisy. Despite this noise in 
the data, the calculated ECA consistently decreases throughout 
the life test. In total, it was estimated that approximately 66% 
of ECA was lost in 26,300 h of operation. Linear interpolation 
of the data gave a reasonably good fit, with a loss of ECA of 
1 x 10 -6 Ccm j2 h -1 . Using a simple Tafel kinetic calculation 
and assuming a Tafel slope of 70 mV per decade [25], it can be 
calculated that a 66% loss in ECA should result in a 34 raV loss 
in cell performance. 

We have not been able to adequately understand the reason 
for the erratic behavior in formation of molecular hydrogen dur- 
ing this test, however, it does suggest that the working electrode 
was allowed to proceed to a lower potential than desirable for 
the ECA measurement. Two possible explanations for molec- 
ular hydrogen formation could be: (a) a shift in the reference 
electrode potential or (b) a change in the catalytic nature of 
the working electrode. It is unlikely that cell resistance change 
is responsible for this behavior. It was decided that we should 
maintain the starting potential at 10 mV, during die length of this 
experiment, and use regression methods to eliminate the addi- 
tional charge resulting from molecular hydrogen oxidation in 
determination of the ECA, 

3.2.2. Hydrogen cross-over 

A key MEA characteristic, measured throughout the life test, 
was hydrogen cross-over through the ionomer membrane, which 
provides data on the health of the membrane. This was measured 
by the electrochemical technique [26], each time the cell was 
interrupted for diagnostics. A membrane is determined to have 
failed when the hydrogen cross-over current density exceeds 
between 10 and 15 mA cm -2 . (This is an arbitrary value used 
to provide a consistent end point to life tests, even though at 
this hydrogen permeation rate, no impact on cell performance is 
observed.) The initial (0 h) hydrogen cross-over current density 
was less than lmAcm^ 2 , no measurable change in hydrogen 
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Fig. 5. Analysis of charge measured in the hydrogen oxidation region during the cyclic voltammetry experiments as a function of time over the peloid of the life 
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Fig. 6. Cell voltage interpolated from polarization curves at 200, 600 and 
800mA cm -2 and hydrogen cross-over current density as a function of time 
measured during the life test. Cell temperature 70 °C. Air: 2.0 x stoichiometry, 
ambient pressure, 100% RH. Hydrogen: 1.2x stoichiometry, ambient pressure 
and 100% RH. 



cross-over current was apparent until at least 5000-7000 h of 
operation (Fig. 6). After approximately 1 year of operation, the 
hydrogen cross-over current density follows a slow increase to 
approximately 22,00011. This data can be reasonably fitted to 
an exponential curve, y=1.33exp(8 x 10~ 5 r). After 22,000)1 
operation, the measured hydrogen cross-over current density 
was observed to decrease to approximately 2-3 mA cm -2 . This 
effect was extensively investigated at the time, by varying the 
hydrogen overpressures, and measuring hydrogen cross-over 
current density cathode to anode and vice-versa. The data was 
found to be repeatable (Fig. 6 from 22,000 to 26,000 h). The 
reason for the change in behavior of the cell to the electro- 
chemical test is not fully understood, however, it should also 
be pointed out that this is the first life test exceeding 20,000 h 
that we are aware of that has been monitored in this manner. 
When observing this apparently unreliable electrochemical data, 
a physical method of measuring hydrogen gas flow rate through 
the membrane using a bubble flow meter, was added to our diag- 
nostics for this life test. At approximately 26,000 h, the life test 
was reported as failed when the volumetric flow rate of hydro- 
gen through the membrane exceeded a value corresponding to 
10 mA cm -2 equivalent hydrogen cross-over current density. It 
is also of interest to comment that extrapolating the exponential 
fit for the hydrogen cross-over data determined electrochemi- 
cally (0-22,000 h) predicted a membrane life of 25,200 h. 

The electrical short resistance through the membrane was 
also monitored throughout this life test, by calculating the slope 
of the limiting current density plateau, measured in hydrogen 
cross-over experiment. The data showed no trend over time and 
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Fig. 7. Polarization curves at various periods in time (0, 500, 534S, 10,100, 
15,000, 20,000 and 26,330 h) during the life test. Cell temperature 70 °C. Air: 
2.0x stoichiometry, ambient pressure, 100% RH. Hydrogen: 1.2x stoichiome- 
try, ambient pressure and 100% RH, 



there was no evidence that electronic shorting was a concern in 
this test. 

3.23. Polarization cui-ves 

Probably the most ubiquitous diagnostic performed in PEM- 
FCs is the polarization curve. Fig. 7 shows a sample of polariza- 
tion curves recorded under potential control, at various times 
throughout the life test, on completion of the voltammetric 
experiments. The data demonstrates loss in fuel cell perfor- 
mance throughout the polarization curve, without any significant 
change in the overall characteristics of the curve. 

The cell voltage, as a function of time at 200, 600 and 
SOOmAcm -2 , has been determined by interpolation of the 
polarization curves. A linear curve fit through this data was used 
as a further method to determine the voltage decay rate for the 
life test (Fig. 6). This is also considered to be durability decay 
rate. The calculated decay rates are reported in Table 1, As well 
as reporting an overall decay rate for the entire test at each current 
density, decay rates have also been calculated for the time period 
0-1 2,000 h and from 12,000 to 26,300 h. There is an easily iden- 
tifiable step in the data at 1 2,000 h. Tliis is much more difficult to 
identify in the raw data (Fig. 1). At approximately 1 1,500 h, the 
cell was maintained under load with much reduced air feed for 
approximately 24 h. This caused the cell voltage to be reduced to 
approximately 0 V while the cell operated at 1 x stoichiometric 
air flow. (Tt was postulated that this condition may have results in 
localized hydrogen evolution at the cathode.) This error in oper- 
ation resulted in a 20-30 mV performance loss at 800 mA cm" 2 
which was not recovered throughout the remainder of the life 
test. 



Table 1 



Voltage decay rates for the life test as a function of current density 



Current density (mA cm 2 ) 


Decay rate 0-1 2,000 Ji (jiV h" 1 ) 


Decay rate 1 2,000-26,300 h (fJiVli - 1 ) 
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Fig. 8. Nyquist plot for the life-tested cell at the end of life (26,300 h) as a 
function of current density. Cell temperature 70 °C. Air: 2.0x stoichiomebry, 
ambient pressure, 100% RI-L Hydrogen: 1.2x sloichiometry, ambient pressure 
and 100% RH. 

3.2.4. AC impedance 

AC impedance was only performed on the life-tested cell on 
completion of the test after 26,300 h of operation. The impedance 
scans for fuel cell operated at a variety of current densities are 
shown from 8 kHz to 0.1 Hz (Fig. 8). This data has been com- 
pared to AC impedance data collected after break-in for a fuel 
cell built with the same hardware, as used in the life test, assem- 
bled with a new ME A from an identical lot as used in the life 
test (Fig. 9). The high-frequency resistance measured for the 
life-tested cell is approximately 75 mQ cm 2 (at 1 500 mA cm" 2 
the high-frequency resistance is increased to 85 mQ cm 2 ). This 
resistance measured by impedance agrees very well with the 
cell resistance data measured by current interrupt shown in 
Fig. 1. The new cell has a slightly higher high-frequency resis- 
tance (between 94 and 99m£2cm 2 ), which is not significantly 
increased at 1500 mA crn^ 2 . 

Considering the entire frequency scan at low current den- 
sity (100 mA cm" 2 ), the impedance for the life tested and new 
cells appears very similar, with similar total impedance. It is 
expected that electron transfer resistance should dominate the 
impedance characteristic of the cell at this current density, and 
it is, therefore, implied that the electron transfer (or kinetic) 
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Fig. 9. Nyquist plot comparing the life- tested celt at the end of life (26,300 h) 
and a new cell at 100, 600 and 1500mA cm -2 . Cell temperature 70 Q C. Air: 
2.0x stoichiometry, ambient pressure, 100% RH. Hydrogen; 1.2x stoichiome- 
try, ambient pressure and 100% RH. 



resistance of the life-tested cell is not significantly changed. 
This may be a surprising result, considering the large change 
in ECA measured in voltammetry. At moderate current den- 
sity (600 mA cm" 2 ), where fuel cell processes are expected to 
be under mixed kinetic and diffusion control, and high-current 
density (1500 mA cm -2 ), where diffusion processes should be in 
control, the new and life-tested cells demonstrate very different 
behavior. In these current density ranges, the total impedance of 
the life-tested cell is dramatically increased relative to the new 
cell. This data suggests that the resistance to transport, or dif- 
fusion processes, has significantly increased between the new 
cell and the life-tested cell. In fact, even at 600 mAcm" 2 where 
the new cell shows features of both kinetic and transport resis- 
tance, die life-tested cell impedance is dominated by transport 
resistance. To understand the source of the increased trans- 
port resistance AC, measurements of the life-tested cell were 
recorded when the reactant RH was reduced. At 1500 mA cm -2 , 
this resulted in a significant reduction in the total impedance 
(430 mQ) of the cell. This observation might be consistent with 
the presence of liquid water impeding transport of reactant gases 
to active catalyst sites, 

AC impedance can also be a valuable tool, in the absence of 
faradic reactions, to elucidate any change in the ionic conductiv- 
ity of the electrodes, which may provide evidence for changes 
in ionomer structure or ionomer degradation in the electrode 
layer. Fig. 10 shows the impedance spectra for the life- tested 
cell between 0.1 Hz to 20 kHz at 80 °C with nitrogen flowing 
on both sides of the cell at four different relative humidities. 
Impedance spectra using this teclmique have been previously 
described [23], At higher frequencies the Nyquist plot shows a 
45° slope characteristic of proton transport in the catalyst layer. 
Then an infection in the curve occurs at lower frequency where 
the impedance becomes dominated by the electrode capacitance. 
We have defined this inflection as where R\ is the ionic 
resistance of the catalyst layer. The raw data demonstrates that 
the impedance of the electrode layer increases with decreased 
relative humidity. It is also evident that at lower frequency there 




1.5 2 2.5 

2' (ohms) 



Fig. lO.v. Nyquist plot for the life-tested cell at the end of life (26,300 h) as a 
function of cell relative humidity (18, 30, 47 and 54%) in the presence oF an 
inert gas. Cell temperature 70 "C. Nitrogen (provided to both cell compartments): 
flow rale 50 ml min -1 , ambient pressure. 
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Fig. 11. High-frequency resistance (HFR) and ionic resistance of the electrode 
(i?j/3) as a function of relative humidity for the life-tested ceil at the end of life 
(26,300 h) and a new cell. Cell temperature 70 °C Nitrogen (provided two both 
cell compartments): flow rate 50 ml min -1 , ambient pressure. 

is a large deviation from the vertical behavior expected for a 
capacitive electrode. This data suggests there is some evidence 
of electric shorting in the cell at the reduced relative humidity in 
which these measurements were performed. (The DC measure- 
ments at fully saturated conditions did not indicate presence of 
electrical shorts,) 

Again we have compared the impedance data collected in this 
experiment, with a new cell after break-in, as a function of RH 
(Fig. 11). Once again it was concluded that there is no apprecia- 
ble difference in the HFR of the new and life- tested cells. There 
is, however, a difference in the electrode impedance between the 
new and used cells; the ionic resistance in the catalyst layer is 
determined to be significantly reduced in the life- tested MEA 
when compared to the new MEA. We have observed this behav- 
ior in a number of our life-tests and have several hypothesis 
which can account for this behavior. (1) Over the life of the test, 
ionic pathways in the electrode are improved compared to a new 
MEA (consider MEA break-in). (2) During the life-test, ionic 
conduction pathways have been cut as a result of ionomer degra- 
dation: the impedance technique is now only able to access to a 
reduced depth in the electrode, because a smaller fraction of the 
electrode is now accessible the apparent ionic resistance of the 
electrode layer is decreased. 

3.3. Post mortem analysis 

At 26,300 h the life test was concluded as a result of the 
hydrogen gas cross-over exceeding our pre-determined criteria 
for failure. Upon conclusion of the life test, the cell was disas- 
sembled and components analyzed, 

5.5. L Gasket 

On disassembly of the cell, the only visual change in the cell 
was the apparent degradation of the silicone/glass re-enforced 
gasket. Upon measurement, the gasket thickness was typically 
reduced by approximately 25 irm. This silicone degradation was 
so severe at active area edges, that in these areas only the glass 
re-enforcement remained. Silicone particles from the gasket 
were also observed on the surface of the gas diffusion media. 
We have concluded that the gasket changes observed were the 



cause for the cell to loss compression during the test (the cell 

was re-tor qued on several occasions). Gasket degradation mav^ 

h ave several effec ts on fueLcelLperformanceJ n this life test'^ (i) 

increase the load on the gas diffusion media, leading to decreased 

porosity and increase reactant transport resistance; (ii) increase 

hydrophihcity of the gas diffusion media; (^ij.poisonmgjjlthg 

catalysts. 
< 

3.3.2. Gas diffusion media 

On completion of the test, the CARBEL® CL gas diffusion 
media on both sides of the membrane were strongly adhered 
to the electrodes of the MEA. The gas diffusion layers were 
removed from the MEA, however, the micro-layer remained 
stuck to the electrodes. Because the electrochemical data sug- 
gests that the mass transport resistance of the cell was increase 
over the life of the test, we were interested to determine whether 
any change in the gas diffusion media could be observed. It 
has been observed in our lab and others [10J that the after 
life testing some gas diffusion media types will pick-up water 
when immersed in boiling water. On completion of the life test, 
both anode and cathode gas diffusion media were immersed in 
water at 80 °C for over 500 h, no observable water pick-up was 
observed for these materials, indicating no change in the material 
could be detected by this test. SEM of the gas diffusion media, 
after testing, also indicated no observable change. 

3.3.3. Membrane electrode assembly 

SEM analysis of the failed MEA was focused on two areas, 
the reactant inlet area and an edge area close to the reactant exits. 
The most obvious observation through both of these areas was 
the wide spread presence of silicon contamination, which was 
confirmed by EDS mapping. The silicon found in the MEA, at 
die end of the life test, was thought to have been introduced 
by degradation of the silicone gaskets that were used in this 
test. The presence of significant quantities of silicon made the 
SEM cross-sections very difficult to interpret; however, it was 
evident that severe membrane thinning had occurred and was 
observed in both areas of the MEA that were sectioned. It was 
found that ionomer loss was most severe at the cathode side 
of the membrane, although ionomer loss from the anode side 
was also observed. The cross-sectional analysis demonstrated no 
observable change in the electrodes: no electrode thinning was 
observed on either anode or cathode electrodes, which suggests 
that there was no evidence of carbon corrosion. The back-scatter 
election images showed no evidence of platinum rearrangement 
in the electrode or dissolution of platinum into the membrane. 
Further ED S analysis provided no evidence of ruthenium migra- 
tion to the cathode. 

4. Conclusions 

In this publication we have reported the results of a 26,300 h 
life -test, performed in single cell hardware, at test conditions 
relevant to a stationary fuel cell application. The fuel cell life 
was limited in this test by the failure of the membrane, due to 
increased hydrogen gas cross-over. In this experiment, the cell 
performance degraded at a rate of bet ween 4 and 6 x 10^ 6 Vh -1 
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at the operating current density of 800 mA cm" 2 , correspond- 
ing to a maximum total voltage loss of less than 150 mV over 
the length of the test. The diagnostic experiments performed, 
during and on completion of the test, indicate that approxi- 
mately 66% of the original cathode electrochemical area was 
lost. It was estimated that this loss in electrocatalytic surface 
area migh t only account for about 3 4 mV of the total cell perfor- 
mance loss. It was concluded from the AC impedance analysis 
that the major contribution to cell performance loss was due to 
increased transport losses in the cell. We have been unable to 
completely explain the source of this increase in transport resis- 
tance from the experiments that were performed, however, we 
suspect that the detected presence of silicone contamination may 
have strongly influenced the performance of the cell. 
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and cationic ions Fe 3+ and 

Cu 2+ resulting from the 
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streams or fuel cell system 
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performance drop. 
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cell contamination sources 
and understanding the effect 
of contaminants on 
performance through 
experimental, 
theoretical/modeling, and 
methodological approaches. 
Contamination affects three 
major elements of fuel cell 
performance: electrode 
kinetics, conductivity, and 
mass transfer. 

This review was focused on 
three areas: (1) 
contamination impacts on 
the fuel cell performance, (2) 
mechanism approaches 
dominated by modeling 
studies, and (3) mitigation 
development. Some future 
work on fuel cell 
contamination research is 
suggested in order to 
facilitate the move toward 
commercialization. 
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ABSTRACT 



This paper reviews publications in the literature on performance degradation of and mitigation strategies 
for polymer electrolyte membrane (PEM) fuel cells. Durability is one of the characteristics most necessary 
for PEM fuel cells to be accepted as a viable product. In this paper, a literature- based analysis has been 
carried out in an attempt to achieve a unified definition of PEM fuel cell lifetime for cells operated either 
at a steady state or at various accelerated conditions. Additionally, the dependence of PEM fuel cell dura- 
bility on different operating conditions is analyzed. Durability studies of the individual components of a 
PEM fuel cell are introduced, and various degradation mechanisms are examined. Following this analy- 
sis, the emphasis of this review shifts to applicable strategies for alleviating the degradation rate of each 
component. The lifetime of a PEM fuel cell as a function of operating conditions, component materials, 
and degradation mechanisms is then established. Lastly, this paper summarizes accelerated stress testing 
methods and protocols for various components, in an attempt to prevent the prolonged test periods and 
high costs associated with real lifetime tests. 

© 2008 Elsevier B.V. All rights reserved. 
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1. Introduction 

To date, considerable effort has been devoted to the develop- 
ment ofhighlyefficientand reliable polymer electrolyte membrane 
(PEM) fuel cells and stacks intended for many potential power 
source applications, including batteries for portable devices; fuel 
cell engines for automotive applications, displacing the internal 
combustion engine; and the residential stationary power market. 
Unquestionably, significant progress has been achieved over the 
past decade, especially in the areas of increasing volumetric and/or 
gravimetric specific power density and more effective materials 
utilization. 

However, contrary to expectations held since the last decade 
that PEM fuel cells would be commercialized in stationary appli- 
cations by 2001 and in transport applications as early as 2003 [1], 
technical challenges remain for the on-board storage and infras- 
tructure for hydrogen fuel, as well as for the fuel cell system itself. 
With regard to the fuel cell system, one of the major hurdles is still 
its high cost; only when fuel cell costs are dramatically reduced 
to the US Department of Energy (DOE) target of $50kW _1 will 
fuel cells be competitive for virtually every type of power appli- 
cation. 

Another technical barrier for the acceptance of fuel cells 
as a practical power source is durability under a wide range 
of operational conditions [2]. For different applications, the 
requirements for fuel cell lifetime vary significantly, ranging 
from 5000 h for cars to 20,000 h for buses and 40,000h of 
continuous operation for stationary applications. Although the 
life targets for automobiles are much lower than those for 
stationary applications, the operating conditions of dynamic 
load cycling, startup/shutdown, and freeze/ thaw make this goal 
very challenging for current fuel cell technologies. Unfortu- 
nately, at present most PEM fuel cell stacks provided by 
manufacturers and research institutes cannot achieve these 
goals. 

The performance of a P EM_ju el cell or stack is affected by 
many internal and exter nal factors, such as fuel cell desig n 
andT assembly, degradation of materials, operational condi- 
tions, and im purities o r contaminants Performance degradation 
is unavoidable, but the degradation rate can be minimized 
through a comprehensive understanding of degradation and 
failure mechanisms. In order to clearly understand the con- 
cepts of PEM fuel cell lifetime and performance decay dis- 
cussed in this review, we first clarify several relevant terms 
[3-5]: 

• Reliability: The ability of a fuel cell or stack to perform the required 
function under stated conditions for a period of time. It includes 
failure modes that can lead to catastrophic failure and perfor- 
mance below an acceptable level. 

« Durability: The ability of a PEM fuel cell or stack to resist per- 
manent change in performance over time. Durability decay does 
not lead to catastrophic failure but simply to a decrease in per- 
formance that is not recoverable or reversible (i.e., due to loss of 
electrochemical surface area, carbon corrosion, etc.). This issue is 
related to ageing. 

« Stability: The ability to recover power lost during continuous 
operation. Stability decay is always concerned with operating 
conditions (such as water management) and reversible material 
changes. 

The overall fuel cell performance decay rate, measured during 
continuous and uninterrupted operation, is the sum of both the 
stability and durability decay rates. Normal degradation targets 
require less than 10% loss in the efficiency of the fuel cell system at 



Table 1 

Summary of steady state lifetime tests in the literature 



Authors 


Test time(Ti) 


Degradation rate 


Reference 




s (inn 


4 ii Vh" 1 


V* J 


St-Pierre et aJ. 


5,000 


1 ixVh-' 


[S] 


Washington 


4,700 


ejxvh- 1 


[9] 




8.000 


2.2 u,V hr 1 




Endohetal. 


4,000 


2u,Vh M 


[10] 


Yamazaki et al. 


8,000 


2-3u.Vh" 1 


HI] 


St-Pierre and Jia 


11,000 


2u.Vh~ l 


[12] 


Fowler etal. 


1,350 


11 u-Vrr 1 


[13] 


Ahn etal. 


1,800 


>4mV h" 1 


[14] 


Cheng etal. 


4,000 


3.1 juVtr 1 


[15) 


Scholta et al. 


2.500 


20 u,Vli-' 


[16] 


Cleghometal, 


2S.300 


4-Oo.Vh 1 


[4] 



the end of life, and a degradation rate of 2-10 u,Vfr' is commonly 
accepted for most applications [6], 

In this paper, studies conducted by academic and industry 
researchers on the lifetime of state-of-the-art PEM fuel cells 
operated in steady state or accelerated conditions such as load 
or thermal cycles or fuel or oxidant starvation are summa- 
rized. The major findings from both experimental and theoretical 
studies of the degradation and failure modes of fuel cells and 
their components are introduced. Feasible strategies to miti- 
gate the performance decay resulting from each degradation 
mechanism are discussed in detail. The existing methods for 
accelerated stress testing of different components are analyzed. 
From the viewpoint of practical applications, a statistical model 
based on the accelerated lifetime data of fuel cell components is 
proposed to estimate real lifetime under normal testing condi- 
tions. 



2. Steady state and accelerated lifetime tests 

Until now, while comprehensive experimental results and 
reviews have been published in an attempt to understand the 
degradation mechanisms of fuel cell components such as elec- 
trocatalysts, membranes, and bipolar plates, only a relatively 
small number of studies aimed at real PEM fuel cell lifetimes 
have been conducted, due to the high costs and prolonged 
testing periods required. For example, more than 4.5 years of 
uninterrupted testing is needed to reach the 40,00 0-h lifetime 
requirement for a fuel cell system for stationary applications. 
For testing a fuel cell bus system (275 kW) for 20,000 h, the 
fuel expense alone would be approximately US $2 million (3,8 
billion liters of hydrogen at US $5.3m^). To increase sample 
throughput and reduce the experimental time required, several 
fuel cell developers and companies, such as Ballard Power Sys- 
tems, DuPont, Gore, and General Motors, have proposed and 
implemented different accelerated stress tests (ASTs) to determine 
the durability and performance of current fuel cell components. 
This study summarizes papers published in the last decade on 
PEM fuel cell degradation and lifetimes. Tables 1 and 2 present 
work on steady state and accelerated lifetime tests, respec- 
tively. 

Although most experiments on fuel cell lifetime under 
steady state operation demonstrated acceptable results, with 
a degradation rate between 2 and lOpA/h -1 , they were con- 
ducted for much less than 40,000 h. As for ASTs, almost all 
degradation rates were greater than lOpiVh -1 . Prior to com- 
mercializing fuel cell technology, mare thorough studies on 
components and the analysis of system failure modes are imper- 
ative. 
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Table 2 

Summary of accelerated durability tests in the literature 



Authors 


Test time(h) 


Degradation rate 


Operating conditions 


Reference 


Sishtla et al. 


5,100 


6 |j.Vn 1 


Ketormate ruei 


I 1 "71 

[17] 




4,000 


a -3 .i/L 1 

43 |XVh 1 


Ketormate luel 


l-inl 

[IS] 


Tsono et al. 


2,000 


lOu.Vh- 1 

1— i r 1 I 


ReFormate fuel 


[19] 


Maeda etal. 


5,000 


Reformate Fuel 


[20] 


Sakamoto et al. 




en rid"! . . t / 

50-yo jw 


Per start/stop cycles 


[21] 


Fowler et al. 


GOO 


120u.Vh- 1 


Humidity cycles 


[22] 


Cho et al. 




4200 jiV 


Per thermal cycles 


[23] 


Knights et al. 


13,000 


0.5(xVri 


Mectiane rerormace ruej 
Low humidifkation 


[oj 


Oszcipok et al. 




22.50D u,V 


Per cold start-up 


[24] 


Xieetal. 


1,916 
1,000 


B0|xVh- 1 
54 iiVh" 1 


Over-saturated humidification 


125] 


Yuetal. 


2,700 


21 f jLVh" 1 


Low humidification 


[26] 


Endoh etal. 


3,500 




High temperature 
Low humidification 


[27] 


Duetal. 


1,900 


70-SOOiLVh" 1 


Cold start and hot stop 


[28] 


Xu et al. 


1,000 


^Ou.Vh- 1 


High temperature 
Low humidification 


[29] 


Owejan et al. 




0.212 mV 


Per start/stop cycles 


[30] 



3. Major failure modes of different components of PE1V1 fuel 
cells 

3 A. Membrane 

In a typical PEM fuel cell, the membrane is sandwiched between 
two catalyzed electrodes to transport the protons, support the 
anode and cathode catalyst layers, and more importantly, separate 
the oxidizing (air) and reducing (hydrogen) environments on the 
cathode and anode sides, respectively. Therefore, the requirements 
for an excellent membrane are manifold and stringent, including 
high protonic conductivity, flow reactant gas permeability, thermal 
and chemical stability, and so on [31], The most commonly used 
and promising membranes for PEM fuel cells are perfluorosulfonic 
acid (PFSA) membranes such as Nation® (Dupont™), Gore-Select® 
(Gore™), and Aciplex® and Flemion® (Asahi™). Extensive studies 
have been carried out on the mechanisms of membrane degrada- 
tion and failure in the fuel cell environment At present, however, 
unsatisfactory durability and reliability of the membrane is still one 
of the critical issues impeding the commercialization of PEM fuel 
cells. 

3AA. Membrane degradation mechanisms 

3 AAA. Mechanical degradation of the membrane. Membrane degra- 
dation can be classified into three categories: mechanical, thermal, 
and chemical/electrochemical [32,33]. Among them, mechanical 
degradation causes early life failure due to perforations, cracks, 
tears, or pinholes, which may result from congenital membrane 
defects or from improper membrane electrode assembly (MEA] fab- 
rication processes. The local areas corresponding to the interface 
between the lands and channels of the flow field or the seal- 
ing edges in a PEM fuel cell, which are subjected to excessive 
or non-uniform mechanical stresses, are also vulnerable to small 
perforations or tears. During fuel cell operation, the overall dimen- 
sional change due to non-hurnidification [34], low humidification 
[6,26,35,36], and relative humidity (RH) cycling [37] are also detri- 
mental to mechanical durability. The constrained membrane in an 
assembled fuel cell experiences in-plane tension resulting from 
shrinkage under lowRH and in-plane compression during swelling 
under wet conditions. The migration and accumulation of the cat- 
alysts and the decomposition of the seal into the membrane, as 
described in Sections 3.2.1 and 3.5, also negatively affect mem- 
brane conductivity and mechanical strength, significantly reducing 
ductility A physical breach of the membrane due to local pin- 



holes and perforations can result in crossover of reactant gases 
into their respective reverse electrodes. If this happens, the highly 
exothermic direct combustion of the oxidant and reductant occurs 
on the catalyst surface and consequently generates local hot- 
points. A destructive cycle of increasing gas crossover and pinhole 
production is then established, which undoubtedly accelerates 
degradation of the membrane and the entire cell. The results of 
Huang et al. [37] suggested that mechanical failure of the mem- 
brane starts as a random, local imperfection that propagates to 
catastrophic failure. 

3AJ.2. Thennal degradation of the membrane. In order to maintain 
well-hydra ted PFSA membranes, the most favorable working tem- 
perature of a PEM fuel cell is usually from 60 to 80 "C Conventional 
PFSA membranes are subject to critical breakdown at high temper- 
atures due to the glass transition temperatures of PFSA polymers at 
around 80 ; C. However, rapid startup, stable performance, and easy 
operation in subfreezing temperatures are necessary capabilities 
for fuel cell technologies to achieve prior to commercialization in 
vehicles and portable p ower s upply applications. On the other hand, 
much effort has been made recently to develop PEM fuel cells that 
operate above 100 Q C, in order to enhance electrochemical kinet- 
ics, simplify water management and cooling systems, and improve 
system CO tolerance. Membrane protonic conductivity drops sig- 
nificantly with the decrease in water content when the fuel cell 
is operated at high temperatures [38] and under low humidity 
■ [39]. 

Several studies have addressed the issue of thermal stability and 

-t 

thermal degradation of PFSA membranes. The polytetrafluoroethy- 
lene (PTFE)-like molecular backbone gives Nation membranes their 
relative stability until beyond 150°C due to the strength of the 
C-F bond and the shielding effect of the electronegative fluorine 
atoms [40 ]. At higher temperatu res, Nafion begins to deco mpose via 
its side sulfonate acid groups. The thermal stability of Nafion was 
investigated by Surowiec and Bogoczek [41] using thermal gravi- 
metric analysis, differential thermal ana lysis, and Fourier transform 
infrared spectroscopy, and only water was detected below 280 Q C 
At temperatures above 280 C C, sulfonic acid groups were spilt off. In 
their studies on the effect of heating Nafion onto platinum (Pt) in air, 
Chuetal. [42] found thatsulfonicacidgroups were lost after heating 
at 300 °C for 15 min, while Dengetal. [43], measured small amounts 
of sulphur dioxide up to 400 C C Detailed mechanisms for PFSA ther- 
mal degradation were proposed by Wilkie et al. [40] and Samms 
et al. [44], including initiative rupture of the C-S bond to produce 
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sulphur dioxide, OH" radicals, and a left carbon-based radical For 
further cleavage at higher temperatures. 

In order for fuel cells to be successfully commercialized for 
automotive and portable applications, membranes must be able 
to tolerate freezing temperature as well as thermal cycling. Several 
studies on the state of water in PFSA membranes below freezing 
have been conducted, Kim et al. [45] suggested that three dif- 
ferent states of water exist in the membrane and that the "free 
water", which was not intimately bound to the polymer chain, 
would freeze below 0°C. In addition, Cappadonia et al, [46] and 
Sivashinsky and Tanny [47] found that only a part of the water 
present in Nafion underwent freezing. Cho et al. [23] reported that 
the contact resistance between the membrane and the electrode 
increased after thermal cycles, whereas membrane ionic conduc- 
tivity itself was not affected. However, McDonald etal.'s [48] results 
illuminated that, after 385 temperature cycles between +80 and 
-40 °C, ionic conductivity, gas impermeability, and the mechanical 
strength of Nafion membranes were severely impaired, although no 
catastrophic failures were detected. The phase transformation and 
volume change of water due to freeze/thaw cycles has a detrimental 
effect on the membrane's lifetime. To avoid this, proposed mitiga- 
tion strategies include gas purging and solution purging to remove 
residual water during fuel cell startup and shutdown, which will be 
described in Section 3.1.2. 

3.1.13. Chemical/electrochemical degi-adation of the membrane. The 
rates of hydrogen and air crossover to opposite sides of the mem- 
brane have been proved to be relatively slow and to result in only 
a 1-3% loss in fuel cell efficiency [49,50], However, the afore- 
mentioned highly exothermal combustion between H 2 and 0 2 can 
possibly lead to pinholes in the membrane, destroying the MEA 
and causing catastrophic problems. More severely, the chemical 
reaction on the anode and cathode catalysts can produce perox- 
ide (HO*} and hydroperoxide (HOC) radicals, which are commonly 
believed to be responsible for chemical attack on the membrane 
and catalysts [51,52]. Further investigation has also revealed that 
the generation of these radicals as well as the chemical degrada- 
tion of the membrane is accelerated when the fuel cell is operated 
under open circuit voltage (OCV) and low humidity conditions [36], 
Several mechanisms have been proposed, with conflicting views on 
whether the radicals are formed at the anode, at the cathode, or on 
both sides of the membrane. Some studies have shown that the 
loss of ionic groups begins at the anode side of the membrane and 
progresses towards the cathode [53,54], but Pozio et aL [55] and 
other researchers [56,57] have provided evidence of predominant 
cathode degradation. However. Mattsson et al.'s [58] observed no 
noticeable difference between the anode and cathode sides. 

Th£_pi e_s_ence of foreign ca clonic ions can significantly decrease 
cell performance by a dsorbing on the membrane or catalyst s. Possi- 
ble sources of ultivalent ion contaminants include corrosion of stack 
components and impurities in the air stream, humidifier reservoirs, 
etc. [59]. Many cations showed stronger affinity than H + with the 
sulfonic acid group in PFSA membranes [60]. When the fuel ceil 
was operating, more active sites were occupied by the ultivalent 
ions and, as a consequence, the membrane bulk properties, such 
as membrane ionic conductivity, water content, and H* transfer- 
ence numbers, changed proportionally to the cation ionic charge 
[61]. This effect is not normally serious unless the contamination 
concentration goes beyond 50% of sulfonic acid groups in the mem- 
brane [GO]. The second possible mode of membrane deterioration 
due to contaminant ions comes from the altered water flux inside 
the membrane, and in this case, only 5% contaminant is sufficient. 
The displacement of H + with foreign cations also results in attenu- 
ated water flux and proton conductivity, and leads to much faster or 
more extensive membrane dehydration, especially near the anode 



[2]. ^ontam iiiatior^byjra ce m etalions ori ginating from the corro^ 
5ion_gfrr ie_tal bipolar plates or end plates, such as Fe 2 ^ a nd Cu 2+ , can 
strongly ac celer a te membrane thinning and performance dec ay of. 
a PEM fuel cell by catalyzing the radicals' formation reactions, as 
sTTowrHnTollowing equations [49]T~ 



H 2 0 2 + Fe 2+ ->- HO* + 0H"-tFe 3+ (1) 

Fe^' + HO* -» Fe 3 ++OH- (2) 

H 2 0 2 +HO' H0 2 * + H 2 0 (3) 

Fe 2 + + H0 2 * -» Fe 3+ +H0 2 - (4) 

Fe 3 + + HtV Fe 2 + + H++0 2 (5) 



As described above, this mechanism can lead to membrane thin- 
ning or the formation of pinholes and eventually to the catastrophic 
failure of the fuel cell. 

Depending on the type of membrane, the HO° and HOO* rad- 
icals generated during the reaction can attack the a-carbon of an 
aromatic group, the ether links, or the branching points of the poly- 
mer. As for the PFSA membranes, the small quantity of carboxylate 
end groups with H-containing terminal bonds, which are inevitably 
formed during the polymer manufacturing process, are regarded as 
the inducing agent for membrane chemical decay due to its suscep- 
tibility to radical attack. One generally accepted mechanism, the 
unzipping reaction, Initiates the abstraction of hydrogen from the 
end groups, releases HF, C0 2 and forms new carboxylate groups at 
the chain ends [61 ]. An example of radical attack on an end group 



of -CF 2 COOH is shown below [62]. 

R £ -CF 2 COOH + 'OH R r -CF 2 ' 4- C0 2 + H 2 0 (6) 

K f -CF 2 * + *OH R r -CF 2 OH J? F -COF -f HF (7) 

K f -COF + H 2 0 J? f -COOH + HF (8) 



As the process repeats, the attack may pro pa gate a long the main 
chain, and eventually the polymer decomposes into low-molecular 
weight compounds. Another possible mechanism proposed by 
Endoh et al. [27] is the scission of the polymer main chains, in 
which the ether linkages are suggested to be the most suscepti- 
ble side chain sites to radical attack, producing vulnerable -COOH 
groups. As a result, the average molecular weight of the polymer 
decreases while the number of -COOH groups increase with time. 
Even without susceptible end groups, under exposure to H 2l the 
polymer backbone of the PFSA membrane may preferentially react 
as follows [2]: 

-CF 2 - + 2H 2 ^ -CH 2 - + 2HF (9) 

Following this reaction, the radicals attack the resulting -CH 2 - 
groups. The rate of fluoride lass has been considered an excellent 
measurement of PFSA membrane degradation [63]. 

3.12. Mitigation strategies for membrane degradation 

To prevent mechanical failure of the membrane, the MEA 
and flow field structure must be carefully designed to avoid 
local drying of the membrane [64,65], especially at the reactant 
inlet area [66]. A membrane reinforced with e-PTFE, developed 
by Gore Fuel Cell Technologies, exhibited a lifetime an order 
of magnitude longer than a non-reinforced membrane of com- 
parable thickness [63], as shown in Fig. 1. Similar results for 
enhanced membrane mechanical strength were reported by Wak- 
izoe et al. [67] and Xu et al. [29] using reinforced Aciplex® 
membranes and Nafion®-TefIon®-phosphotungstic acid compos- 
ite membranes, respectively. 

Several review papers [63-71] have covered the recent PEM 
development and fabrication approaches focusing on achieving 
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Fig- 1- Comparison of Gore reinforced membranes and non-reinforced membranes, 
(a) Lifetime of various membranes in accelerated fuel ceil conditions; (b) H 2 
crossover rate as a function of time. (Modified From [63] with permission.) 

prolonged durability above 100 °G The membranes developed so 
far can be classified into three groups: (1) modified PFSA mem- 
branes, which are swelled with nonvolatile solvents or incorporate 
hydrophilic oxides and solid inorganic proton conductors; (2) alter- 
native sulfonated polymers and their composite membranes, such 
as SPSF, SPEEK, PBI r and PVDF; and (3) acid-base polymer mem- 
branes, such as phosphoric acid-doped Nafion®-PBI composite 
membranes. 

With respect to the chemical and electrochemical degradation 
of the membrane, developing membranes that are chemically sta- 
ble against peroxy radicals has drawn particular attention. Firstly, 
one solution is to develop novel membranes with higher chemical 
stability, such as a radiation-grafted FEP-g-polystyrene membrane 
[72,73], in which polystyrene was used as a sacrificial material 
owing to its low resistance to radicals [57]. Free-radical stabiliz- 
ers and inhibitors such as hindered amines or antioxidants also 
have the potential to be mingled during membrane fabrication. 
Secondly, increased chemical stability can also be realized by mod- 
ifying the structure of the available membrane. Curtin et al. [62] 
suggested that radical attack of the residual H-containing terminal 
bonds of the main chain of the PFSA membrane was the pri- 
mary degradation mechanism. By eliminating the unstable end 
group, chemical stability was significantly enhanced [62]. Thirdly, 
the damage caused by hydrogen peroxide can be suppressed by 
redesigning the MEA. For example, a composite membrane sug- 
gested by Yu et al, [57], in which a thin recast Nation membrane was 
bonded with a polystyrene sulfonic acid (PSSA) membrane, when 
positioned at the cathode of the cell could successfully prevent oxi- 
dation degradation of the PSSA membrane. Fourthly, introduction 
of peroxide-decomposition catalysts like heteropoly acids within 



the membrane has proven to moderate or eliminate membrane 
deterioration due to peroxide [74,75], However, the advantage of 
this approach would be partially counteracted by a decrease in 
membrane stability and conductivity caused by the mixture of the 
catalysts. Last but not least, the development and implementation 
of new metal coatings with improved corrosion resistance and of 
catalysts that produce less hydrogen peroxide are long-term goals 
for membrane durability enhancement, 

32. Electrocatalyst and catalyst layer 

Pt and binary, ternary, or even quaternary Pt- transition metal 
alloys, such as PtCo, Pt-Cr-Ni r and Pt-Ru-Ir-Sn, supported on 
conductive supports have been proposed and implemented as elec- 
trocatalysts in PEM fuel cells. Commonly used supports include 
high-surface-area carbon materials, such as Vulcan-XC 72, Ketjen 
black, or Black pearls BP20Q0, These catalysts are in principle able to 
meet the performance and cost requirements for high-volume fuel 
cell applications. However, from a catalyst durability viewpoint, the 
performance of currently known materials is still unsatisfactory 
under harsh operating conditions, including high humidity, low pH 
values, elevated temperature, and dynamic loads in combination 
with an oxidizing or reducing environment [59]. 

3.2.1. Electrocatalyst and catalyse layer degradation mechanisms 

Considerable effort has been put into the detailed examination 
of the mechanism ofPt catalyst degradation under long-term oper- 
ation. Firstly, a pure Pt catalyst may be contaminated by imp urities. 
originating from supply reactants or the fuel cell sy stem [50]. Also, 
the catalyst may lose its activity due to sintering or migration of 
Pt particles on the carbon support, detachment and dissolution of 
Pt into the electrolyte, and corrosion of the carbon support Sev- 
eral mechanisms have been proposed to explain the coarsening 
in catalyst particle size during PEM fuel cell operation: (1) small 
Pt particles may dissolve in the ionomer phase and redeposit on 
the surface of large particles, leading to particle growth, a phe- 
nomenon known as Ostwald ripening [76]. On the other hand, the 
dissolved Pt species may diffuse into the ionomer phase and sub- 
sequently precipitate in the membrane via reduction of Pt ions 
by the crossover hydrogen from the anode side, which dramati- 
cally decreases membrane stability and conductivity [77]; (2) the 
agglomeration of platinum particles on the carbon support may 
occur at the nanometer scale due to random cluster-cluster col- 
lisions, resulting in a typical log-normal distribution of particles 
sizes with a maximum at smaller particle sizes and a tail towards 
the larger particle sizes [78]; (3) the growth in catalyst particles 
may also take place at the atomic scale by the minimization of the 
clusters' Gibbs free energy. In this case T the particle size distribu- 
tion can be characterized by a tail towards the smaller particle sizes 
and a maximum at larger particle sizes [79]. However, so far, there 
is still no agreement on which mechanism is dominantly responsi- 
ble for the catalyst particle growth [SO]. Coarsening of the catalyst 
due to movement of its particles and coalescence on the carbon 
support can cause the catalytically active surface area to decrease 
[81]. Lastly, the formation of metal oxides at the anode [15] or cath- 
ode [14] side probably leads to an increase in particle sizes and 
ultimately results in a decrease in catalyst activity. 

Corrosion of the catalyst carbon support is another important 
issue pertaining to electrocatalyst and catalyst layer durability that 
has attracted considerable attention lately in academic as well as 
in industry research [6,82,83]. hi PEM fuel cells and stacks, two 
modes are believed to induce carbon corrosion: (1) transitioning 
between startup and shutdown cycles and (2) fuel starvation due 
to the blockage of H2 from a portion of the anode under steady 
state conditions. The first mode, referred to as air-fuel front, can 



Wu etai /journal of Power Sources 184 (2008) 104-119 



109 



be caused by non-uniform distribution of fuel on the anode and 
crossover of oxygen through the membrane, which is likely to occur 
during startup and shutdown of the PEM fuel cell. For the second 
mode, fuel starvation in individual cells may result from uneven 
flow sharing between cells during high overall stack utilization 
or from gas flow blockage attributed to ice formation when fuel 
cells work in subfreezing temperatures. In both cases, the anode 
electrode is partially covered with hydrogen and, under the circum- 
stances of hydrogen exhaustion, the anode potential will be driven 
negative until water and carbon oxidation takes place according to 
the following equations [2]: 
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Despite the thermodynamic instability, carbon corrosion in a 
normal PEM fuel cell is negligible at potentials lower than 1.1 V 
vs. reversible hydrogen electrode (RHE) due to its slow kinetics. 
However, recent experiments have confirmed that the presence of 
electrocatalysts like Pt/C or PtRu/C can accelerate carbon corrosion 
and reduce the potentials for carbon oxidation to 0.55 V (vs. RHE) 
or lower [84]. When provided with sufficient water in the fuel cell, 
carbon is actually protected from corrosion by virtue of the H 2 0 
oxidation process, unless the water in the electrode is depleted or 
the celt is subjected to a high current density not sustainable by 
water oxidation alone [28]. According to Eq. (8), cell reversal as a 
result of fuel starvation has a potential impact on the durability of 
the catalyst layer, the gas diffusion layer, or even the bipolar plate. 
As a consequence, the relative percentage of conductive material in 
the electrode may drop and the contact resistance with the current 
collector, as well as the internal resistance of the cell, will even- 
tually increase. More seriously, the number of sites available to 
anchor the catalyst decreases with carbon corrosion, causing cata- 
lyst metal sintering [85], and in the extreme, a structural collapse 
of the electrode. 

Another noteworthy hazard to PEM fuel cell durability at sub- 
zero temperatures is the influence of the phase transformation and 
volume changes of water on the physical properties of the mem- 
brane/electrode interface and electrode structure, in addition rn the 
membrane. Cho etal. [23 J observed a performance degradation rate 
of about 2.3% per freeze- thaw cycle from 80 to -10 C C. The cell per- 
formance degradation seen with thermal cycles was attributed to 
the physical damage of the electrode structure and MEA integrity 
resulting torn ice expansion during freezing. The analytical results 
of McDonald et aL [48] demonstrated the relationship of tempera- 
ture cycling between 80 and -40 °C to membrane structure, water 
management, ionic conductivity, gas permeability, and mechanical 
strength. A detailed summary of research on PEM fuel cell freeze 
and rapid startup can be found in Ref. [86]. 

Experimental results from Xie et aL [25] have also revealed the 
change in hydrophobic characteristics of the catalyst layer over time 
due to the dissolution of Nation or PTFE, which detrimentally affects 
the water management and mass transport ability of the electrode. 

3.2.2. Mitigation strategies for electmcatalyst and catalyst layer 
degradation 

Recent research has proposed and successfully employed sev- 
eral strategies to enhance catalyst durability. First of all T fuel cell 
operating conditions play a major role in catalyst degradation. The 
dissolution of Pt from the carbon support is less favorable at low 
electrode potentials, which makes Pt catalysts more stable at the 
anode electrode than that at the cathode side. The experimental 
results of Mathias et aL [85] showed that the loss in Pt active surface 
area associated with an increase in testing time can be significantly 
decreased by operating the cell at low RH and low temperature, 
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Fig. 2. Impact of operational conditions on catalyst active surface area loss, (a) Pt 
surface area as a function of stack runtime; (b) impact of RH and high temperature 
operation on Pt surface area loss of Pt/C as a function of potential cycles. (From [85] 
with permission.) 



as shown in Fig. 2. However, carbon corrosion of the catalyst layer 
was recently found by Borup et aL [87] to increase with decreas- 
ing RH. They also revealed that the growth in cathode Pt particle 
size was much greater during potential cycling experiments than 
during steady state testing, and that it increased with an increase 
of potential, which was recently employed as an AST method to 
evaluate electrocatalyst stability. 

Secondly, corrosion of the carbon support due to fuel starva- 
tion can be alleviated by enhancing water retention on the anode, 
such as through modifications to the PTFE and/or ionomer, the 
addition of water-blocking components like graphite, and the use 
of improved preferable catalysts for water electrolysis, as demon- 
strated by Knights et al. [6] in Fig. 3. With respect to PEM fuel 
cell freeze and rapid startup issues, two main strategies have been 
proposed to mitigate fuel cell performance degradation, based on 
whether the system uses extra energy during parking or startup. 
The first solution, the "keep-warm" method [8S-90J, is to con- 
sume power from a continuous or intermittent low-power energy 
source (from an extra battery or hydrogen fuel converter) to keep 
the system above a certain threshold temperature during the park- 
ing period. The other option is to heat the fuel cell system to raise 
its temperature above the freezing point of water at startup [91,92]. 
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For this method, a higher power heat is required and it is strongly 
suggested that the method be combined with effective removal of 
residual water to save energy and alleviate physical damage to the 
MEA due to ice expansion. Possible methods for getting rid of the 
water include gas purging [6] or washing it away with an antifreeze 
solution [23] prior to fuel cell shutdown. 

Thirdly, Pt-alloy catalysts such as PtCo, Pt-Cr-Ni have shown 
better activity and stability compared to pure Pt catalysts [93]. 
The increased sintering resistance offered by the alloying ele- 
ments [93] or the larger alloy particle size [94[ may explain the 
observed improvement. However, X-ray diffraction (XRD) analysis 
has revealed a skin consisting of a monolayer of pure Pt formed 
on the surface of the alloys after long-term testing [95-97]. This 
indicates that the non-noble metals in the Pt-transition metal alloy 
catalysts are more susceptible to dissolving in the ionomer phase, 
partially counteracting the advantage of Pt-alloy catalysts. Metals 
such as Co, Q- Fe, Ni, and V have already proved to be soluble 
in a fuel cell operating environment; Pt-Co/C has drawn more 
attention recently due to its superior stability compared to that 
of the other Pt-transition alloy catalysts [94,98]. It is noteworthy 
that recently Adzic and co-workers [99] significantly improved the 
Pt stability against dissolution under potential cycling regimes by 
modifying Pt nanopar tides with gold (Au) clusters. There were no 
obvious changes in the activity and surface area of Au-mo dined 
Pt under oxidizing conditions and potential cycling between 0.6 
and 1,1 V after over 30,000 cycles. The considerable improvement 
in the Au/Pt/C catalyst stability was mainly attributed to the exis- 
tence of the non-dissolvable Au clusters. By strengthening the 
interaction between the metal particles and the carbon support, 
sintering and dissolution of the metal allay catalysts can be alle- 
viated. For example, Roy et al. [100] introduced nitrogen-based 
carbon functionality to the carbon support surface by chemical 
modification and, consequently, the ability of the treated support to 
anchor metal particles as well as its catalyst activity showed obvi- 
ous improvement. Multiwalled carbon nanotubes (CNTs) have also 
demonstrated promise as catalyst supports in PEM fuel cell appli- 
cations [101 ]. In a recent publication, Shao et al. [102] reported that 
the degradation rate of Pt/CNTs was nearly two times lower than 
that of Pt/C under the same accelerated durability testing condi- 
tions, which was attributed to the specific interaction between Pt 
and CNTs and to the higher resistance of the CNTs to electrochem- 
ical oxidation. In addition, the decrease in support surface area or 
graphitization of the carbon support can also enhance the support's 
resistance to oxidation and carbon corrosion [103,104]. However, 



the number of active surface sites on which to anchor metal par- 
ticles correspondingly decreases, which is a potential detriment to 
the deposition of metal on the carbon support. 

3.3. Gas diffusion layer 

3.3.1 Gas diffusion loyer degi'adation mechanisms 

The gas diffusion layer (GDL) is typically a dual-layer carbon- 
based porous material, including a macroporous carbon fiber paper 
or carbon cloth substrate covered by a thinner microporous layer 
(MPL) consisting of carbon black powder and a hydrophobic agent. 
In past studies of GDLs, the impact of GDL materials and design 
on PEM fuel cell performance, rather than durability, has been 
the focal point. However, increased GDL surface hydrophilicity has 
been clearly observed after 11,000 h of operation [12] and cold start 
conditions [24], which unquestionably indicates that further inves- 
tigation of the GDL is warranted. To date, only a limited number of 
studies have focused on the degradation mechanisms of GDLs or on 
the relationship between GDL properties and fuel cell performance 
decay. Moreover, these studies have employed mainly ex situ GDL 
aging procedures in order to avoid the possible confounding effects 
from adjoining components such as the catalyst layer and bipolar 
plate. 

The results of Borup et al, [105] showed that the loss of GDL 
hydrophobicity increased with operating temperature and when 
sparging air was used instead of nitrogen. Additionally, they con- 
cluded that changes in the GDL properties were attributed mostly 
to the MPL. Frisk et aL [106] aged GDLs by submerging the sam- 
ples in 15 wt.& hydrogen peroxide at 82 ti C. They found that weight 
loss and the MPL contact angle increased with the time of expo- 
sure and the increase was attributed to oxidation of the carbon 
in the MPL. Kangasniemi et al. [107] demonstrated the effect of 
electrochemical surface oxidation on GDL properties and found 
that the contact angle of the MPL surface decreased remarkably 
over time when the GDL samples were immersed in 1M H2SO4 
under potentio static treatment of 1.2 V vs, standard hydrogen elec- 
trode (SHE). Most recently, Lee and Merida [103] comprehensively 
studied GDL properties, such as electrical resistivity, bending stiff- 
ness, air permeability, surface contact angle, porosity, and water 
vapor diffusion, after degradation tests under steady state (over 
15 0 0 h aging time a 1 80 ° C and 20 0 psi) a nd freezing ( 54 freeze- thaw 
cycles between -35 and 20 C C) conditions. As the fuel cell oper- 
ates, the PTFE and carbon composite of the GDLs are susceptible 
to chemical attack (i.e., OH* radical as electrochemical byproduct) 
and electrochemical (voltage) oxidation [106]. The loss of PTFE and 
carbon results in the changes in GDL physical properties, such as 
the decrease of GDL conductivity and hydrophobicity, which fur- 
ther lowers MEA performance and negatively affects the durability 
of the whole fuel cell. With regard to the quantitative correla- 
tion between performance loss and the changes in GDL properties, 
Schulze et al. [109] recently found that the decomposition of PTFE in 
the electrodes induced an approximately two times higher perfor- 
mance loss than that related to the agglomeration of the platinum 
catalyst after 1000 h of fuel ceil operation. However, the effect of 
PTFE degradation in the catalyst layer and GDL was not separated 
in their paper and the decomposition mechanism of PTFE was not 
thoroughly discussed. 

3.3.2. Mitigation stmtegiesfov GDL degradation 

Little information aboutmitigatingGDLdegradation is available 
from the literature. To improve GDL oxidative and electrooxidative 
stability, Borup [110] suggested using graphitized fibers duringGDL 
preparation. Borup also proposed that higher PTFE loading could 
benefit the water management ability of aged GDLs, as shown in 
Fig. 4. By incorporating graphitized carbon material Pureblack® 
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in the MPL, Owejan et al, [30] found a 25% improvement in the 
start/stop degradation rate at 1.2 A cm~ l . 

3A. Bipolar plate 

3 A A. Bipolar plate degradation mechanisms 

The bipolar plate is a multifunctional component of the fuel 
cell stack, acting as a separator between the fuel, oxidant gases, 
and coolant; homogeneously distributing reactant and product 
streams; and collecting the current generated by the electrochem- 
ical reaction. A great deal of research and some literature reviews 
[111-114] related to bipolar plate studies have been published. 

To fulfill all of the required functions, multiple properties are 
required for the materials to be acceptable for bipolar plates. These 
include, but are not limited to, high electrical conductivity, low 
gas permeability, high corrosion resistance, sufficient strength, 
low thermal resistance, and low cost r etc. In addition to graphite, 
materials such as metals, graphite/carbon-based composites, and 
polymer-based composites with conductive graphite/carbon fillers 
are currently being tested and evaluated by researchers [115-117]. 
The combination of high corrosion and chemical resistance, low 
density, and high electrical and thermal conductivity are attractive 
characteristics of graphite and graphite composites. However their 
durability under shock and vibration, permeability to hydrogen, 
and manufacturability are unfavorable when compared to metals, 
such that an increase in weight as well as volume is needed to over- 
come their shortcomings. Noble metals such as Pt, Ta, Nb, and Zr are 
highly corrosion resistant and are manufacturable as lightweight 
thin plates, but the raw material costs for these plates prohibit them 
from commercial applications [118]. As for other metallic bipolar 
plates, commercially available metals and their alloys such as Al,Ti, 
and Ni have exhibited inspiring potential in bipolar plates owing 
to their good electrical conductivity, excellent mechanical proper- 
ties, and low cost. However, the major concern with these metallic 
bipolar plates is the contact resistance between the bipolar plate 
and the GDL, attributed to electrically resistant oxide films formed 
on the surfaces, which inevitably increase the internal electrical 
resistance of the fuel cell. Stainless steel has received considerable 
attention due to its wide range of alloy choices and applicability 
to mass production, but it is prone to corrosion in the aggressive 
acidic and humid environment inside a PEM fuel cell [119], which 
causes a further increase in contact resistance. Moreover, mi-m^nn 
of metallic mat er ialsiea ds to the p roduction of multival ent cationx 
which can seriousl y impair the durability of the membrane_a qd 
catalyst [115], as discussed in Section 3.1.1. A chemical analysis of 
the MEA after luuli of cell operation revealed that a large quan- 



tity of Fe and Ni atoms, as well as traces of Cr, was released from 
untreated stainless steel 31 6L [120], As a result, a voltage drop of 
up to 300mV at a current of 700mA cm -2 was measured due to 
the chemical corrosion of this bipolar plate material. By exposing 
eight commercial stainless steels to an acid solution. Shores et al. 
[121] carried out an ex situ experiment to study the corrosion of 
stainless steel. A controlled potential was applied and the gas (H2 
or air) was bubbled into the solution to simulate either anode or 
cathode conditions. After 72 h of aging, the dissolved metal cations 
(including Fe +3 , Cr +3 , Ni +2 ) were detected in the solution [121 ]. 

3.4.2. Mitigation strategies for bipolar plate degradation 

Current work in this key area is focused mainly on the use 
of graphite/polymer composites, metallic materials coated with 
noble metals, or various nitride- or carbide- based alloys to improve 
corrosion resistance in real or simulated PEM fuel cell environ- 
ments [122]. The most up-to-date research on carbon-based and 
metal-based coatings for PEM fuel cell bipolar plates, in addition 
to the corresponding coating techniques, are compiled in Table 3. 
Various coating methods that have been developed and applied 
widely in other industrial areas, such as immersion coating, spray- 
ing, electroplating, electroless deposition, electrolytic anodization, 
and painting [115], are being evaluated for bipolar plate materials. 
Taking cost competitiveness for continuous high-volume produc- 
tion into consideration, research in recent years [115] has focused 
on physical vapor deposition (PVD) and chemical vapor deposition 
(CVD) processes, as illustrated in detail in Table 3. 

However, a potential risk with protective coating methods is 
the deformation of the coating material when the PEM fuel cell 
operates under thermal cycling conditions. Woodman et al. [148] 
proposed a reasonable explanation that the coating material and 
the substrate might expand and contract at different rates due to 
the difference in their coefficients of thermal expansion (CTEs). The 
micro-pores and micro-cracks arising from deformation of the coat- 
ing layer can lead to the direct exposure of the substrate metal to 
a highly corrosive environment and, subsequently, the dissolved 
metal ions diffuse into the membrane and get trapped in the ion 
exchange sites, resulting in considerable adverse effects on cell per- 
formance. The addition of intermediate coating layers with high 
bonding strength and gradient CTEs between adjacent layers of the 
coating and bipolar plate is one effective strategy for buffering the 
CTE differential. 

Another common concern related to bipolar plates is the possi- 
ble deformation or even fracture caused by the compressive forces 
that are used to ensure good electric contact and reactant sealing 
during fuel cell operation [149]. Some operational factors, such as 
thermal cycling, non-uniform current, or thermal misdistributions 
over the active area, can impair the mechanical properties of the 
bipolar plate materials. Hodgson and Farndon [150] and Lee et al. 
[151] subjected the surface of a metallic material, such as stainless 
steel or nickel-rich alloys, to an electrical current in the presence of 
an acidic electrolyte. After this treatment, the corrosion resistance 
of the metallic bipolar plate was improved, which was attributed 
to the modification of the surface composition and/or the surface 
morphology. This surface treatment method is particularly promis- 
ing since the treatment is a modification to the surface rather than 
a coating procedure and therefore delamination is not an issue- 
Table 4 presents research on composite bipolar plate mate- 
rials, including carbon-polymer composites and carbon-carbon 
composites, with a summary of their advantages and disadvan- 
tages. As shown, carbon-carbon composites have many advantages, 
although their lack of mechanical strength in addition to the lengthy 
and expensive chemicaJ vapor impregnation (CVJ) process des- 
tines them to limited success. Recently, carbon-polymer materials, 
especially those with thermoset resins, are becoming competitive 
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Table 3 

Practicable coated metallic bipolar plates proposed in the literature 



Coating category 



Metal-based coating 
Noble metals 



Metal nitrides 



Metal carbides 



Metal oxide 



Carbon-based coating 
Graphite 



Conductive polymer 



Diamond or 
d i a m ond- like ca rbo n 

Organic 
self-assembled 
monoploymers 



Coating method 



Pulse current eJectrodeposition 

Electrodepositjon 

DC magnetron sputtering 

Electroplating 

PVD (e.g. magnetron sputtering) or 
CVD, and electjoJessdeposition far 
Ni-Ph alloy 

Radio frequency (RF)-planar 
magnetron (sputtering) 
R F-d iod e sp u t te ri n g 
Thermal nitridation 



PVD 
PVD 

EJectrodeposition 
NS 

Glow discharge decomposition and 

vapor deposition 

Electro-spark deposition process 

Electron beam evaporation 
Vapor deposition and sputtering 



Painting or pressing 



PVD (closed-field, unbalanced, 
magnetron sputter ion plating) and 
chemical anodizati on/oxidation 
overcoating 



NS 
NS 

Electrodepositjon 

Plasma-polymer coati ng 
Electrode position 



Coating materials 



Applicable base plate materials 



Reference 



AJ 



Ti 



Ni 



Other 



Spraying 



NS 

NS 

PVD 
NS 



Gold over Ni over Cu X 
Gold X 
Ta X 
Gold 

U)Subiayer-Cr/NifMo-richSSor X X 

Ni-phosphorus alloy; (2) topcoat-Ti 

nitride 

Ti-Al-mtride layer X 

TiN layer X 
CrN/Cr 2 N surface 



NS 
TiN 
TiN 
TiN 

(l)n-Type silicon carbide (SiC); (2) 
gold 

Cr carbide 

Indium doped tin oxide (5n(In)02) X 
(1) Sublayer-lead; (2) topcoat-Jead X 
oxide (PbO/PbOz) 

(!) Sublayer-sonicated graphite X X 

particles in an emulsion, 

suspension or paint (e,g, graphite 

particles in an epoxy resin thinned 

by an organic solvent, such as 

toluene); (2) topcoat- exfoliated 

graphite in the form of sheets of 

flexible, graphite foil 

(1) Sublayer-titanium over X X 

titanium-aluminum-nitride; (2a) 
overcoat-transient meta] sublayer 
of Cr (Ti, Ni, Fe, Co) followed by 
sulphuric/chromic acid OR; (2b) 
topcoat-graphite 

Organic self-assembled NS 
mono polymers 

Conductive polymers NS 

Conductive polymers polyaniline 

(PAN1) and polypyrrole (PPY) 

Hexaflnoro propylene (HFP) X 

Multilayer coating(Ni, Au) X 

conductive polymer (polyaniline) 

(l)Sublay-conductive polymer 

(M2-4S); (2) interlay- commercial 

graphite (TV- Koat); (3) 

topcoat-conductive polymer 

(M2-4S) 

Coating comprised of carbon fibers 
contained within a polymer matrix 
Diamond-like carbon NS 

YZLJ001 djamond-Jike material X 

Organic self-assembled NS 
monopoly mers 



Stainless steel (SS) 
SS316 



SS 



Cr-bearing alloy 

Ferritic SS 

Austenitic SS 

SS304 

SS410 

SS31S 

SS316 

SS 

SS310 



X 



SS 



SS304 
SS304 

SS316L 



SS 



SS316 



[123,124] 
[125] 
[120] 
[120] 

[126] 



[127] 
[127] 

[128-132] 

[133,134] 

1132,135] 

[136] 

[137] 

[138] 

[1211 

[127] 

[139] 

[127] 
[127] 



[140] 



[140] 



[141] 

[141] 
[142] 

[143] 
[123] 

[144] 



[145] 

[141] 

[146] 
[147] 



Note: Not specified (NS). 



alternatives to bipolar plates in terms of bulk conductivity and 
dimensional tolerance, However, high carbon loadings are always 
necessary to obtain the required electrical conductivity, which 
eventually causes difficulties in processability. Another problem 
associat ed with carbon-polymer materia ls is the degradation of 
the resins in PEM fuel cell working environments "due to the inher- 



eflLDropcrties_o f these g ojyrners [111]. The heavy atomsj ^Ie^sed 
from these resins as a consequence, such as calcium .jTiagne5iujTi. 
or zinc, may diffuse in to and contaminate the PEM, de creasing fuel 
cell d uj^hiiityZ 

Following principles of stack manufacturing and environmen- 
tal impact, Cooper has identified 51 bipolar plate requirements and 
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Fig. 5. SEM-EDX images of an embrittled membrane sample. The holes and tears resulted from reduced mechanical integrity caused by the crystallization of (a) silicon- and 
(b) calcium-containing particles From the degradation ofincompatible sealing materials inside and on the surface of a membrane. (From [174] with permission.) 



design rules for PEM fuel cells [170]. Among the state-of-the-art 
alternatives for bipolar plates, although no material has definitely 
established itself as capable o f meeting all the desired targe t proper- 
ties for commercial applications [131 ], each material has its specific 
advantages and disadvantages and. therefore, will find its specific 
application fields. The choice of material depends on the driving 
constraints of the application and is always a compromise between 
performance, efficiency, size, lifetime, cost, operational range flex- 
ibility, local climate, and so on. 

3,5. Seoling gasket 

Sealing material is placed between the bipolar plates tD prevent 
gas and coolant leakage and crossover. Typical sealing materials 
utilized in PEM fuel cells include fluorine caoutchouc, EPDM, and 
silicone [171]. Tan et al. [172] reported their results from a recent 
ex situ investigation on the chemical degradation of four commer- 
cial gasket materials in simulated fuel cell environments. Cleghorn 
et al. [4] and St-Pierre and Jia [12] observed the degradation and 
dissolution of silicone in the active section of the stack during their 
lifetime experiments. Schulze et al. [171 ] detailed the degradation 
of silicon-based seals during long-term fuel cell operation. They 



detected residues of the silicone in the anode catalyst layer and 
cathode GDL by XPS. The authors concluded that the direction of 
movement of the silicone traces was from the anode to the cath- 
ode due to the electrical field and that it was blocked by the PEM. 
However, traces of decomposition products of the sealing mate- 
rial in both the membrane and electrodes, as shown in Fig. 5, have 
been detected by Ahn et al. [14], Xie et al. [173], and Du et ah [174]. 
The acid character of the PEM, together with the thermal stressing 
[171] or hydrogen embrittlement [12], possibly induces the alter- 
ation of the sealing material. The degradation of the seals results in 
the loss of their force retention and can lead to compression loss, 
external leaks of coolant, gas crossover, or plate electrical short- 
ing, eventually accelerating the performance degradation of the 
fuel cell. The migration and accumulation of the sealin g nrmfpriak 
within the elect r odes will also n egatively change thejrydmphojik: 
chara cter of the elect roQ^ jmdprobabl^pot^^ Fur-, 
thermore, the traces from the seal may d iffuse into the membrane^ 
phase and consequently lead to a decrease in membrane conduc - 
tivity and a reduction in the mechanica l integt±r^u^&Jn&mbr^iig, 
both of w hicli-would severely im pair fhp fi Lelxj^if^imp [1 74] Seal 
selection through ex situ and in situ screening processes should be 
based on the overall chemical and mechanical properties of the 



Table 5 

Major Failure modes of different components in PEM fuel cells [3,175] 



Component Failure modes Causes 



Membrane 


Mechanical degradation 

Thermal degradation 

Che m icaf/electroch emical degrad a tion 


Mechanical stress due to non-uniform press pressure, inadequate humidifkatjonor 
penetration of the catalyst and seal material traces 
Thermal stress; thermal cycles 
Contamination; radical attack 


Catalyst/catalyst layer 


Loss of activation 
Conductivity loss 

Decrease in mass transport rate ofreactants 

Lass of reformate tolerance 

Decrease in water management ability 


Sintering or dealloying of electrocatalys t 
Corrosion of electrocatalyst support 
Mechanical stress 
Contamination 

Change in hy d ro p hob i city of materials due to Nafion or P'I FE dissolution 


GDL 


Decrease in mass transport 

Decrease in water management ability 

Conductivity loss 


Degradation of backing material 

Mechanical stress, Change in the hydrophobicity of materials 
corrosion 


Bipolar plate 


Conductivity loss 
Fra ctu re/d efo r m ati 0 n 


Corrosion; oxidation 
Mechanical stress 


Sealing gasket 


Mecbanical failure 


Corrosion; mechanical stress 
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Table 6 

General AST methods in PEM Fuel cell lifetime analysis 



Component 



General criteria 



Failure modes 



Available protocols 



Membrane /ME A 



OCV at reduced RH for chemical 
stability; RH cycling for mechanical 
degradation 



Chemical stability 

Chemical/electrochemical 
stability 



Mechanical stability 



Catalyst/catalyst layer 



Potential cycling; acid washing; 
elevated temperatures; fuel or 
oxidant contaminants 



Chemical and mechanical 
stability 



Pt and/or Pt alloy chemical 
and electrochemical 
stability 



Carbon support stability 



GDL 



Chemical oxidation in hydrogen 
peroxide (H2O2); elevated 
potential; low humidity 



Chemical/electrachemcia 1 
oxidation 



Mechanical stability 



Fen ton's test: 30% H?0 2 , 20ppm Fe +2 , 85 C, 3 
cycles with fresh reagent 
OCV, 90"C, with partially humidified H 2 and O2 
(both 30% RK) introduced to anode and 
cathode, respectively 

OCV, SO C, with dry air and fully humidified 
H2 supplied to cathode and anode, respectively 
OCV, 90 "C, with paFtially humidified H2 and 
air (both 30% RH) introduced to anode and 
cathode, respectively 

OCV, 95 °C, with partially humidified H 2 and 
air (both 50% RH) introduced to anode and 
cathode, respectively 

OCV, 30*C, with partially humidified H 2 and 0 2 
(both 30% RH) introduced to anode and 
cathode, respectively 

65 -C, RH cycling from 30 to 80% or from SO to 
120% with 30 mrn/step. with air supplied to 
anode and cathode 
80 Z C, RH cycling tram 0 to 150% with 
2min/step, with air supplied to anode and 
cathode sides 

Humidity cycle: N 2 /N 2 , 80 °C, RH of inlet gases 
cycled between 0 and 100% RH every 30min 
Load cycle: H 2 /0 2 , 50% RH, 80 °C, load cycled 
between 10 and 800mA cm -3 (7min/3min) 
8D = C, 100% RH, step change (30s/step) in 
voltage from 0.6 to 0.96 V with air on cathode 
and H2 on anode 

S0 : C, 100% RH, 20mVs-\ linear sweep in 
voltage from 0,6 to 1.2 V with N 2 on cathode 

oB Wstf^Q&br 100% RH, with N 2 on 
cathode and H 2 Dn anode, lOmVs -1 , from 0.1 

Ift^^cH^^ittade 1.2 V relative to anode, 
with N2 on cathode and H2 on anode 
80 '- C, H 2 with 22(3% RH at anode, Air with 100% 
RH at cathode, IDrnVs -1 potential cycling from 
0.1 to 1.2 V 

80 1 C, 100% RH, step change (30 s/step) in 
voltage from 0.6 to 0.9 V with N 2 on cathode 
and H 2 on anode 

20 C, 0.5 M H 2 S0 4l potentiostatic treatment 
1.2 V (vs. RHE) 

40 or B0 o C T 1 M HCJO4, potential cycling 

between 0.85 V (vs. RHE) and 14V (vs. RHE) 

30 C, 100% RH, Potential hold at 1.2 V, with N 2 

on cathode and H2 on anode 

80 C, 100% RH, Potential hold at 1.5 V, with N 2 

on cathode and H2 on anode 

OCV, 80 C, with partially humidified H 2 and 

air (both 66% RH) introduced to anode and 

cathode, start/stop cycles between H 2 /air 

(45/100 seem) for30sand air/air (45/0 seem) 

for 20 s. 

50 ; C, with fully humidified 4% H2/N2 and He 
for a node and cathode respectively, 2mVs -1 
potential cycling between 0.04 V (vs. RHE) and 
1.2 V (vs. RHE] 

95 C, 80% RH, potential hold at 1.2 V, with N 2 
on cathode and H2 on anode 
Dl water, 60 or 80 Q C J purged with N2 or air 
15 wt.%H 2 0 2 atS2°C 

1 M H2SO4, under potentiostatic treatment of 
1.2 V (vs. RHE) 

B0 = C, with fully humidified H 2 and N 2 for 
anode and cathode respectively, 1.2 V (vs. RHE) 
Compressive stress at 80"C and 200 psi 
Freeze-thaw cycles between —35 and 20 "C 
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Contamination of Membrane-Electrode Assemblies by 
Ammonia in Polymer Electrolyte Fuel Cells 

Xiaoyu Zhang 12 , Mustafa Fazil Serincan 1,2 , 
Ugur Pasaogullari 1 '" Trent Molter 1 

1 Connecticut Global Fuel Cell Center 
" Department of Mechanical Engineering, 
University of Connecticut, 44 Weaver Rd, Unit 5233, 
Storrs, CT 06269-5233, USA 

Contamination of polymer electrolyte fuel cell (PEFC) 
membranes and catalyst" layers with ammonia - (NH 3 ) is J 
studied experimentally arid computationally. Cyclic 
voitammetry (CV) scans and electrochemical impedance 
spectroscopy (EIS) analyses show that trace amounts of 
ammonia can significantly contaminate both the polymer 
electrolyte membrane (PEM) and the catalyst layers. The 
results show that the catalyst layer contamination can be 
reversed under certain conditions, while the membrane 
recovery tends to be much slower, and permanent effects 
of ammonia contamination is observed. 

We have also developed a model that predicts the 
transport and distribution of ammonium (formed upon 
reaction of ammonia with proton) and the impact of 
ammonium on the cell performance due to the apparent 
decrease m membrane proton conductivity. The model 
incorporates the Nemst-Planck equations to describe the 
multi -component cation transport through the membrane. 
With the model predictions, we are able to differentiate 
between the performance loss due to increased internal 
resistance and that due to the poisoning of the catalyst 
layers. Mechanisms of contamination of the polymer 
electrolyte and catalyst layers, and performance 
degradation of the PEFC are also postulated 

Figure 1 shows the performance of a PEFC with 25 cm 2 
active area during contamination and recovery with 
25 ppm NH 3 . It is clearly visible that a trace amount of 
NH} m H 2 can cause a serious decay of the cell 
performance, which makes agreement with the findings 
before. 13 However, the cell internal resistance increase 
can only contribute little to the total performance Joss. 
EIS performed during the contamination process shows 
that the electrodes might be seriously poisoned by NH 3 or 
NH, + (shown in Figure 2). 

Contamination tests at non-running conditions were also 
performed to further elucidate the poisoning mechanism 
on the electrodes. In these tests, the anode was 
continuously fed with 25 ppm NH^/F^, and the cathode 
was fed with pure N 2 . Cyclic voitammetry (CV) was used 
to characterize the changes in the cathode catalyst layer. 
Figure 3 shows that the hydrogen absorption peaks of the 
cathode greatly decreased during the contamination, 
which means that the catalyst surface may be covered by 
adsorbents, which decrease the electrochemical active 
area (ECA) of the cathode. 

" Corresponding Author: u eur.nasaogul lan fc!uc onn.edu 
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Figure 1. Contamination and recovery of a PEFC (25 cm 
active area) with 25 ppm NH 3 . The cell was running at 
0.6 A/cm 2 at 52 D C with dew point at 50 U C. NH} was 
started at 1 8 hours and shut down at 94 hours, followed 
by pure H 2 . 



i 




9.1 C 



Figure 2 Electrochemical impedance spectroscopy 
performed during contamination with 25 ppm NH 3 (as 
shown in Figure 1). Sweep frequency: 10K-Q.1 FIz. 
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Figure 3 Cyclic voitammetry (CV) scans at 49% relative 
humidity. CVs were obtained with N 2 flowing at the 
cathode and H 2 or NH 3 +H 2 at the anode. Cell was kept at 
65°C and scan rate was 20 mV/sec. 
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The Impact of Impurities On Long Term PEMFC 

Performance 

Fernando H. Garzon a ,Thiago Lopes B " b , Mark Nelson* 
David Wood a ,Tommy Rockward 8 , Rangachary 
Mukundan 3 , Thomas Springer 8 , and Eric Brosha a 
B Los Alamos National Laboratory 
Los Alamos NM 87545/USA 
b lnstituto de Quimica de Sao Carlos 
Universidade de Sao Paulo 
Sao Carlos SP 13566-970/Brazil 

Optimal PEMFC performance occurs when they are 
supplied with ultrapure hydrogen, air, and water. 
Fuel and air impurities such as common _ sulfur 
compounds, adsorb very_ strongly to the electrode 
surfaces N ocking surface sites for catalytic jphttine 
of diatomic hydrogen on the anode and diatomic 
oxygen on the, cathode^ The adsorption of ..some. 
imp urities is so strong that part per billion impurity 
levels can substantially degrade fuel cell 
p erformance. Unfortunately the cost of removing 
these common impurities rises rapidly with 
increasing purity requirements [1]. 

^prtiRr r.lflgj^nf impurities is r.a.Hnnir- imprmria s 
primarily arising from corrosion and salt aerosols 
from natural and anthropogenic sources [2]. These 
impurities such as sodium, magnesium and calcium 
form ions in the presence" of water and ion exchange 
for mobile protons in the ionomer membrane. These 
foreign positively charged ions are more strongly 
bound to the membrane than protons and are 
recognized to impede proton transport. 

The approach we use to understand impurity effects 
in fuel cells is threefold [3,4]. The first method is 
direct measurements of fuel cell performance 
subjected to controlled amounts of impurities 
directly introduced into the fuel cells. These 
measurements include the direct injection of sulfur 
compounds, carbon monoxide, nitrogen oxides, 
ammonia and salts into working fuel cells. After 
performance measurements are completed, the fuel 
cell materials are subsequently analyzed for trace 
quantifies of impurities by various methods. The 
second method is the use of carefully designed 
experiments to measure the interactions of impurities 
on fuel cell components. An example of this is 
impurity permeation studies of hydrogen sulfide to 
measure gas crossover rates in the ionomer. These 
are important, as fuel cell cathodes may be poisoned 
by anode fuel impurities crossing over the 
membrane into the cathode compartment. The third 
method we use is the theoretical first principles 
modeling of impurity effects on the important 
physiochemical reactions required for fuel cell 
operation. An example of this approach is the 
modeling of the effect of a slowly diffusing cation 
impurity on fuel cell performance. 

Past fuel cell experiments determined that hydrogen 
sulfide exposure lowered the fuel cell operation 
voltage for constant current operation. We 



performed hydrogen pump experiments to help 
determine the anode polarization losses for hydrogen 
sulfide exposure (0.5ppm, lhr) at a given current 
density. Our results show that significant anode 
overpotentials ~75 mV at lA/cm occur after short- 
term hydrogen sulfide exposure. These anode 
overpotentials do not normally occur in standard fuel 
cell operation and result in fuel cell performance 
losses. 

Our previous work has demonstrated that very small 
amounts of hydrogen sulfide can also affect the 
kinetically slower oxygen reduction reaction on Pt 
surfaces. As the membranes are highly permeable to 
water, hydrogen sulfide permeation is a possibility. 
Three types of transport mechanisms may occur; dry 
membrane permeation, copermeation with water, 
and electro-osmotic drag with the proton flux. We 
successfully measured the hydrogen sulfide 
crossover rate at differing relative humidities and 
membrane thicknesses. The permeation rate across 
wet membranes was many times greater than that for 
dry membranes [5]. 

Cation impurity behavior was successfully studied 
using fuel cell measurements, AC impedance 
spectroscopy, novel combined electrochemical/X- 
ray fluorescence spectroscopy cells and by 
electrochemical modeling. Cesium was chosen as a 
model cation as it is easily measured in situ by X-ray 
fluorescence spectroscopy and imaged using micro- 
X-ray tomography. Perfluorosulfonic acid 
membranes were partially ion exchanged with Cs 
and then subjected to a flux of protons. The 
concentration profile measured was in excellent 
agreement with the ion impurity model. The build up 
of foreign cations at the cathode effectively blocks 
access of protons to Pt cathode sites limiting the 
reaction current density. This affects fuel cell 
performance more than the loss in overall proton 
conductivity. The change in local ionomer water 
content may also degrade fuel cell performance in 
the mass transport dominated region. 
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What is a fuel cell? 



Types of Fuel Cells 



How does it work? 



History 




A fuel cell is a device that converts the chemical energy of a fuel (hydrog* 
gas, methanol, gasoline, etc.) and an oxidant (air or oxygen) into electricii 
principle, a fuel cell operates like a battery. Unlike a battery however, a ft 
not run down or require recharging. It will produce electricity and heat as 
fuel and an oxidizer are supplied. 

Both batteries and fuel cells are electrochemical devices. As such, both ha\ 
positively charged anode, a negatively charged cathode and an ion-conducl 
material called an electrolyte. Fuel cells are classified by their electrolyte rr 
Electrochemical devices generate electricity without combustion of the fuel 
oxidizer, as opposed to what occurs with traditional methods of electricity 

Fuel cell construction generally consists of a fuel electrode (anode) and an 
electrode (cathode) separated by an ion-conducting membrane. Oxygen pa; 
one electrode, and hydrogen over the other, generating electricity, water a 
Fuel cells chemically combine the molecules of a fuel and oxidizer without 
having to dispense with the inefficiencies and pollution of traditional combi 

Basic Characteristics 



Some of the general characteristics of fuel cells have been introduced abo\ 
however, to understand the difference between types of fuel cells, several 
characteristics must be explained. 



Charge Carrier 



The charge carrier is the ion that passes through the electrolyte, and for s 
types of fuel cells, the charge carrier is a hydrogen ion, H+, which is simp 
proton. The charge carrier differs between different types of fuel cells. 



Poisoning by Contamination 

Fuel cells can be "poisoned" (experience severe degradation in performana 
different types of molecules. Because of the difference in electrolyte, opera 
temperature, catalyst and other factors, different molecules can behave dif 
different fuel cells. The major poison for all types of fuel cells is sulfur-con 
compounds such as hydrogen sulfide (H 2 S) and carbonyl sulfide (COS). Su 

compounds are naturally present in all fossil fuels, and small quantities rer 
normal processing and must be almost completely removed prior to enterir 
cell. 



Fueis 

Hydrogen is the current fuel of choice for all fuel cells. Some gases, such 
from the air, have only a dilution effect on the performance of the fuel eel 
gases, such as CO and CH 4 , have different effects on fuel cells, depending 

type of fuel cell. For example, CO is a poison to fuel cells operating at rel, 
temperatures, such as the Proton Exchange Membrane Fuel Cell (PEMFC). I 
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